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Summary 
 
 
The present dissertation is concerned with the synthesis and the properties of specifically 
tailored anhydride reactive fluoropolymers as well as their practical applications using non-
toxic, cheap and environmentally friendly solvents. 
 
 Binary copolymers of either maleic anhydride or itaconic anhydride with 
1H,1H,2H,2H-perfluorodecyl methacrylate were synthesized by free radical polymerization. 
Firstly, polymerization kinetics at low conversions was analyzed to determine the rates of 
polymerization and copolymerization parameters for maleic anhydride with perfluorooctyl 
methacrylate, and for itaconic anhydride with perfluorooctyl methacrylate. As the anhydride 
monomers do not undergo homopolymerization, thus the determined reaction rates 
depended on the monomer mixture composition. On the basis of the kinetic constants a 
model has been set up to perform continuous addition polymerization, for copolymers of 
homogenous composition. This way it has been possible to prepare 40-50 g of polymer with 
monomodal molecular weight distribution and relative uniform molecular composition at 
high yield. During the polymerization reaction the monomer feed was kept constant by 
precise addition of each monomer and the initiator with the help of computer controlled 
syringe pumps. Copolymers of homogeneous compositions with different maleic anhydride 
(0.07 ≤ FMAH ≥ 0.29) and itaconic anhydride (0.15 ≤ FITA ≥ 0.32) contents were successfully 
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synthesized. It was necessary to perform the polymerization in solution in order not to affect 
the polymerization kinetics. A mixture of 1,3 –bis(trifluoromethyl)benzene : methyl ethyl 
ketone (1:1) was used as a solvent to prevent precipitation of the produced polymers. The 
rate of polymerization maleic anhydride binary copolymers was unexpectedly much higher 
then that of itaconic anhydride binary copolymers at the same monomer ratios and 
concentrations (anhydride/perfluoroalkyl methacrylate = 25/75; 0.30 wt%/min instead of 
0.05 wt%/min for P[MAH-co-FMA] compared to P[ITA-co-FMA]. 
  Thermogravimetric investigation of the P[MAH-co-FMA] binary copolymers 
showed the thermal stability to increase with growing maleic anhydride fractions in the 
polymers. The difference in the Td5 between copolymer with 29 mol% maleic anhydride 
fraction and perfluoroalkyl methacrylate homopolymer was more than 100 ºC. A similar 
dependence of the thermal stability on the anhydride content was not observed for P[ITA-
co-FMA] binary copolymers. WAXS and SAXS studies proved the formation of smectic A 
phases caused by the presence of long perfluorinated side chains in the binary copolymers. 
DSC measurements of both P[MAH-co-FMA] and P[ITA-co-FMA] binary copolymers 
confirmed a smectic A to isotropic transition based on the disordering of the perfluorinated 
side chains. Anhydride enriched binary copolymers exhibited higher clearing temperatures. 
The compositions of P[MAH-co-FMA] and P[ITA-co-FMA] copolymers could be 
correlated to the corresponding clearing temperatures. The correlation made it possible to 
determine the copolymer composition from DSC measurements.  
 The temperature controlled reversible esterification of the anhydride units with 
alcohols was studied by DSC, 1H-NMR and IR spectroscopy for P[MAH-co-FMA] and 
P[ITA-co-FMA] copolymers.  The acid-esters have been readily formed by addition of one 
alcohol unit to each anhydride at temperatures between 50 – 60 ºC. Reformation of the 
anhydride by elimination of the alcohol has been occurred at temperatures above 100 °C 
and accelerated with the increasing temperature.  
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 In the second set of experiments grafting of amines and alcohols to the anhydride 
units of the copolymers has been used to prepare ternary copolymers containing anhydride, 
perfluorooctyl methacrylate, acid-ester, and acid-amid groups respectively. The properties 
of the resulting ternary copolymer can not only be influenced by the type of grafted side 
chains but also by tuning the degree of grafting e.g. the amount of remaining succinic 
anhydride moieties. Grafting of 3-amino-1,2-propandiol, 2-amino-2-(hydroxymethyl)-1,3-
propanediol, and Jeffamine M-600 onto P[MAH-co-FMA] copolymers at elevated 
temperatures did not yield water soluble fluoropolymers. However, the binary 
fluoropolymer modified with Jeffamine M-1000 formed a 1 wt% clear water solution. GPC 
measurements of Jeffamine M-1000 modified fluoropolymers showed an increase of 
molecular weights for fluoropolymers with decrease of anhydride fraction in nonmodified 
binary P[MAH-co-FMA] copolymers.  Modification of P[MAH-co-FMA] copolymers with 
PEO monomethyl catalyzed ether by TEA or titanium (IV) ethoxide, resulted in only small 
degree of grafting (15-20%), even after 7 day of the reaction time. By grafting of either 
allylamine or 2-hydroxyethyl methacrylate onto P[MAH-co-FMA] it was possible to obtain 
fluoropolymers with unsaturated crosslinkable side groups. Maximum degree of 
modification was found to be 86% for allylamine and the 63 % for HEMA according to 1H-
NMR spectra. Crosslinking reactions have successfully been carried out by photochemically 
initiated free radical polymerization with photoinitiator Irgacure 819.  Because the 
crosslinks are formed via the reversible ester groups, thermal decomposition of the network 
is possible and has been investigated. The attempts to prepare water soluble fluoropolymers 
with crosslinkable methacrylate moieties by grafting of poly (ethylene glycol) methacrylate 
led only to small degrees of grafting (<20 %).  
 Ternary copolymers of either maleic anhydride, itaconic acid anhydride or citraconic 
anhydride with 1H,1H,2H,2H-perfluorodecyl, n-butyl or lauryl methacrylates were 
synthesized by free radial polymerization. Similarly to the preparation of binary 
Summary 
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copolymers, analytical experiments were performed first to determine the copolymerization 
rates. Mixtures of maleic anhydride, 1H,1H,2H,2H-perfluorodecyl, and lauryl methacrylate 
showed slower rates of copolymerization Rp (0.21 wt%/min) than mixtures of maleic 
anhydride, 1H,1H,2H,2H-perfluorodecyl, and n-butyl methacrylate (0.30 wt%/min) at an 
overall monomers concentration of 1.5 mol/L and a MAH/ FMA/RHMA equals 80/7.5/12.5. 
The conversion rate of a mixture of itaconic anhydride, 1H,1H,2H,2H-perfluorodecyl, and 
n-butyl methacrylate at an overall monomer concentration of 1.5 mol/L and a monomer 
ratio of ITA/FMA/BuMA of 10/35/55 was 0.27 wt%/min. Conversion rate Rp of citraconic 
anhydride, 1H,1H,2H,2H-perfluorodecyl, and lauryl methacrylate at the same monomer 
ratios and concentration was 0.11 wt%/min. The determined rates of polymerization were 
used calculate the addition rates for continuous feed, to prepare terpolymers of homogenous 
composition in amounts of 5-10 g per reaction at high monomer conversion (≥93%). The 
polymerizations were performed keeping constant monomer feed compositions by precise 
addition of the monomers and initiator with the help of computer controlled syringe pumps. 
Copolymers of homogeneous compositions with different anhydride (0.08 ≤ FANH ≥ 0.25) 
contents were successfully synthesized. The total monomer concentration was kept low in 
order not to affect the kinetics of the polymerization and prevent the precipitation of the 
produced polymers. Therefore the monomers were dissolved in a mixture of 1,3 –
bis(trifluoromethyl)benzene : methyl ethyl ketone (1:1).  
 Investigation of the thermal properties of the terpolymers revealed that terpolymers 
containing 20% of maleic anhydride decomposed at higher temperature then terpolymers 
containing 20% ITA with Td1 259 ºC and Td1 119 ºC respectively. DSC measurements of 
all terpolymers showed glass transition temperatures. Terpolymers with lauryl alkyl side 
chains exhibited lower glass transition temperatures then terpolymers with butyl side chains 
even the latter contained higher anhydride fraction.  
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 The anhydride moieties of the obtained terpolymers were modified with either (3-
Aminopropyl)triethoxysilane (APTES) or ammonia to promote their solubility in water or 
water/alcohol mixtures. P[MAH-co-FMA-co-BuMA] (MFB-20), P[MAH-co-FMA-co-
LaMA] (MFL-25) and P[ITA-co-FMA-co-BuMA] (IFB-20) fluoropolymers modified with 
APTES yielded optically clear a 1 wt% solutions in both ethanol and (1:1) vol. ratio 
ethanol/water mixture, whereas modification with ammonia resulted in water soluble 
fluoropolymers. DLS measurement of 5 wt% APTES modified MFB-20, MFL-25 and IFB-
20 terpolymers in ethanol revealed the existence of polymer particles with mean particle 
size as small as 1.6-2.1 nm. APTES modified polymers formed crosslinked films when 
deposited on surfaces from ethanol/water solutions. The water borne fluoropolymers could 
be applied to form low surface energy coatings and must be of interest in different 
applications, when organic solvents must be avoided. 
 Thin films of the binary anhydride reactive fluoropolymers were prepared by spin 
coating from Freon 113 and 1,3 –bis(trifluoromethyl)benzene on rough etched aluminum, 
smooth glass plates, and silicone substrates. On smooth glass surfaces the contact angle 
against water varied from 118° to 121° increasing with decrease of anhydride content in the 
MAH-co-FMA copolymers. The same tendency was observed for ITA-co-FMA copolymers 
on glass with contact angles against water in the range of 116° - 120°. Contact angles 
against dodecane were 69°- 76 for MAH-co-FMA copolymers and 68°- 74° for ITA-co-
FMA respectively. Ellipsometry measurement of the film thickness of coatings prepared by 
dip coating on a silicone substrate demonstrated, that coatings from 1,3 –
bis(trifluoromethyl)benzene were thinner than those from Freon 113. In the case of coatings 
from MAH-co-FMA fluoropolymer with 29 mol % of maleic anhydride units formed from a 
1 wt% Freon 113 solution AFM showed formation of the continuous film with a granola 
structure, gave information about film thickness and granola size. On rough etched 
aluminum surfaces contact angles against water were in the range of 141°-148° for MAH-
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co-FMA and 148° - 151° ITA-co-FMA. Here, the contact angles increased with increasing 
anhydride content for both MAH-co-FMA and ITA-co-FMA coatings. Contact angles 
against dodecane were in the range of 104° - 108° for MAH-co-FMA and 102° - 111° for 
ITA-co-FMA copolymers respectively. Annealing of the freshly formed coating 
insignificantly increased the contact angles further. 
  In order to improve the water solubility of the fluoropolymers MAH-co-FMA 
fluoropolymers were modified by an amino terminated polyethylene glycol - Jeffamine M-
1000. Coatings on an etched aluminum prepared from water solutions, water/ethanol 
mixture solutions, and aqueous ammonia were hydrophilic. The freshly formed coatings 
showed hydrophilic properties with contact angles against water a few degrees, but after 
annealing the coatings became hydrophobic with contact angles against water 103°-135° 
and against dodecane 54°-74°.  XPS measurement of a freshly formed coating and a coating 
that has been annealed revealed an increase of fluorine from 8.41 to 14.90 atomic % and a 
decrease of carbon from 53.47 to 40.95 atomic %.  
 Nanostructured superhydrophobic and oleophobic surfaces were prepared on etched 
aluminum plates by casting films of Jeffamine M-1000 modified MAH-co-FMA 
copolymers (CAP75-JM, CAP72-JM), P[MAH-co-FMA-co-BuMA] (MFB-20), and 
P[MAH-co-FMA-co-LaMA] (MFL-25) from aqueous ammonia solution, pure water, 
water/ethanol mixtures, or ethanol solution,  together with silica nanoparticles prepared 
according to the Stöber procedure with average diameters of 12, 35, 60, 90, 120, 200, and 
610 nm. The generation of strongly water and oil repelling coatings was not limited to 
planar surfaces, but could be extended to 3D-strucrued substrates. Treatment of polyester 
and polyamide carpets, 1:1 polyester/cellulose and polyamide fabrics with 200 nm silica 
nanoparticles and fluorinated terpolymers from ethanol resulted in hydrophobic coatings on 
the articles. As a technology complementary to dip coatings electro spraying of polymer 
solutions was tested. Variation of electrospraing parameters made it possible to form a 
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sponge like rough crosslinked coating on paper sheets. The treated paper sheets exhibited a 
superhydrophobic surface with contact angles against water exceeding 160° and with a 
sliding angle of 3-5°.  Attempts to obtain crosslinked hydrophobic nanofibers by means of 
electrospinning of 5 – 10 wt% ethanol solution resulted in formation of flake like separated 
objects. Increasing the fluoropolymer concentration up to 20 wt% resulted in formation of 
elongated polymeric objects or short fibers. For production of high quality crosslinked 
hydrophobic nanofibres further optimization of electrospinning parameters is required. 
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Zusammenfassung 
 
Die vorgelegte Arbeit handelt von  Synthese und Eigenschaften speziell zugeschnittener 
anhydridreaktiver Fluorpolymere, sowie von deren Anwendungen aus Lösungen 
nichttoxischer, kostengünstiger und umweltfreundlicher Lösungsmittel. 
 
Binäre Copolymere aus Maleinsäureanhydrid (MAH) oder Itaconsäureanhydrid 
(ITA) mit 1H,1H,2H,2H-Perfluordecylmethacrylat (FMA) wurden durch Freie Radikalische 
Polymerisation synthetisiert. Zuerst wurden analytische Experimente zur Bestimmung der 
Copolymerisationsparameter von Maleinsäureanhydrid mit Perfluorctylmethacrylat und für 
Itaconsäure mit Perfluoroctylmethacrylat durchgeführt. Des Weiteren wurden 
Polymerisationsgeschwindigkeiten und Umsätze gemessen. Die von der Zusammensetzung 
der Monomermischung abhängigen, berechneten kinetischen Parameter  wurden für 
Polymerisationen in größerem Maßstab eingesetzt. Es wurden 40-50 g Copolymere in 
homogener Reaktion mit konstanter Zusammensetzung und hohem Umsatz erhalten. Die 
Polymerisation wurde bei konstanter  Monomerzugabe durchgeführt, wobei eine genaue 
Zugabe der Monomere und des Initiators mit computergesteuerten Spritzenpumpen 
kontrolliert wurde. Durch die Wahl der zudosierten Monomerverhältnisse konnten 
Copolymere mit homogener Zusammensetzungen mit MAH-Anteilen im Bereich (0.07 ≤ 
FMAH ≥ 0.29) und ITA-Anteilen (0.15≤ FITA ≥ 0.32) erfolgreich synthetisiert werden. Bei der 
Polymerisation ist es erforderlich mit niedrigen Monomerkonzentrationen zu arbeiten, um 
Zusammenfassung 
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die Polymerisationskinetik nicht zu beeinflussen. Eine Mischung von HFX:MEK (1:1) 
wurde als Lösungsmittel verwendet, um eine Ausfällung der hergestellten Polymere zu 
unterbinden. Die Polymerisationsgeschwindigkeit der binären MAH Mischung war viel 
höher als die der binären ITA Mischung bei gleichen Monomerverhältnissen und 
Konzentrationen (Anhydrid/FMA = 25/75; 0.30 Gew.-%/min anstatt 0.05 Gew.-%/min für 
P[MAH-co-FMA] verglichen mit ITA/FMA).  
Die Untersuchung der thermischen Eigenschaften von binären P[MAH-co-FMA] 
Copolymeren zeigte, dass die thermische Stabilität mit steigendem Anteil von MAH im 
Polymer erhöht wird. Der Unterschied der TGA-Zersetzungstemperaturen (5% 
Massenverlust, Td5) zwischen dem Copolymer mit 29 mol% MAH zu einem FMA 
Homopolymer beträgt 100°C. Die Abhängigkeit der thermischen Stabilität vom Anhydrid-
Anteil im Polymer wurde nicht bei binären P[ITA-co-FMA] Copolymeren beobachtet. 
WAXS and SAXS Messungen zeigten die Bildung einer smektischen A Phase, welche 
durch die Anwesenheit von langen perfluorierten Seitenketten in den binären Copolymeren 
hervorgerufen wird. DSC Messungen an den P[MAH-co-FMA] und P[ITA-co-FMA] 
Copolymeren zeigen smektisch A – isotrop Übergänge der perfluorierten mesogenen 
Seitenketten. Anhydridangereicherte binäre Coplymere besitzen dabei höhere 
Klärtemperaturen. Die Zusammensetzungen  der P[MAH-co-FMA] und P[ITA-co-FMA] 
Copolymeren wurden anhand ihrer Klärtemperaturen kalibriert, wodurch es möglich wird, 
die Copolymerzusammensetzung aus DSC- Messungen zu bestimmen. 
 Die temperaturkontrollierte reversible Reaktion von mono-und polyvalenten 
Alkoholen mit den P[MAH-co-FMA] und P[ITA-co-FMA] Copolymeren wurde mittels 
DSC, 1H-NMR und IR-Spektroskopie nachgewiesen. Es wurde gezeigt, dass die Abspaltung 
der Alkohole aus den makromolekularen Estern unter Zurückbildung der Anhydride ab 
100 °C beginnt und durch Anstieg der Temperatur beschleunigt wird. Durch Veresterung 
und Amidierung wurden die binären Anhydrid/FMA Copolymeren unter Verwendung von 
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Amino- und Hydroxy-funktionalisierten Verbindungen zu ternären Copolymeren umgesetzt. 
Die kontrollierte Pfropfung ermöglicht die Kontrolle der Eigenschaften des resultierenden 
Terpolymeren sowohl durch den Typ der aufgepfropften Seitenkette, als auch über die Wahl 
des Pfropfungsgrades d.h. der Menge des verbleibenden Restes ungepfropfter 
Anhydrideinheiten. 
Aufpfropfen von 3-Amino-1,2-propandiol, 2-Amino-2-(hydroxymethyl)-1,3-
propanediol und Jeffamin M-600 auf P[MAH-co-FMA] Copolymere bei erhöhten 
Temperaturen führte nicht zur Bildung wasserlöslicher Fluoropolymere. Dennoch bildeten 
die binären Fluorpolymere, modifiziert mit 1 Gew.-% Jeffamin M-1000, eine klare wässrige 
Lösung. GPC-Messungen von Fluorpolymeren, modifiziert mit Jeffamin M-1000, zeigten 
einen Anstieg des Molekulargewichts der Fluorpolymere mit abnehmendem Anhydridanteil 
gegenüber dem nicht modifizierten binären P[MAH-co-FMA] Copolymer. Modifizierung 
des P[MAH-co-FMA] Copolymers mit Monomethoxypolyethylenglycol, katalysiert mit 
TEA oder mit Titan(IV) Ethanolat, führten auch nach 7 Tagen Reaktionszeit nur zu kleinen 
Propfgraden (15-20 %). Durch die Aufpfropfung von Allylamin oder von 2-
Hydroxyethylmethacrylat (HEMA) auf P[MAH-co-FMA] war es möglich, Fluorpolymere 
mit ungesättigten, quervernetzbaren Seitenketten zu erhalten. Der Grad der Modifizierung 
wurde mittels 1H-NMR Spektroskopie untersucht und betrug für Allylamin 86 mol% und 
für HEMA 63 mol%. Eine Vernetzung, bezogen auf die Anydridgruppen, wurde erfolgreich 
durch photochemisch initiierte Freie Radikalische Polymerisation unter Verwendung des 
Photoinitiators Irgacure 819 durchgeführt. Die thermische Spaltungsreaktion („De-
Crosslinking“) wurde an HEMA modifizierten, vernetzten Fluoropolymeren demonstriert. 
Der Versuch, wasserlösliche Fluoropolymere mit vernetzbaren Methacrylatresten durch 
Aufpfropfen von Poly(ethylen glycol)-monomethacrylat herzustellen gelang, führte zu 
einem Modifizierungsgrad unter 20 mol %. Dies war nicht ausreichend, um die 
Löslichkeitseigenschaften der Fluorpolymere signifikant zu ändern.  
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Ternäre Copolymere aus den Anhydriden MAH, ITA oder Citraconsäureanhydrid  
(CIA) und FMA sowie den Alkylmethacrylaten, n-Butyl- oder Laurylmethacrylat wurden 
durch Freie Radikalische Polymerisation synthetisiert. Ähnlich der Herstellung binärer 
Copolymere wurden zuerst analytische Experimente durchgeführt, um die 
Polymerisationsgeschwindigkeiten (Rp) zu ermitteln. MAH, FMA und LaMA Mischungen 
zeigten langsamere Rp (0.21 Gew.-%/min) als MAH, FMA und BuMA Mischungen (0.30 
Gew.-%/min) bei Anfangskonzentrationen von 1.5 mol/L und einem Verhältnis 
MAH/FMA/ RHMA von 80/7.5/12.5. Die Polymerisationsgeschwindigkeit von ITA, FMA 
und BuMA bei einer Anfangskonzentration von 1.5 mol/L und Monomer Verhältnissen 
ITA/FMA/BuMA von 10/35/55 beträgt 0.27 Gew.-%/min. Rp von CIA, FMA, LaMA bei 
gleichen Monomerverhältnissen und Konzentrationen beträgt hingegen 0.11 Gew.-%/min.  
Die ermittelten Polymerisationsgeschwindigkeiten wurden genutzt, um 
kontinuierliche Monomeradditions-Polymerisationen durchzuführen, die zur Herstellung 
von Terpolymeren homogener Zusammensetzung in großem Maßstab (ca. 5-10 g pro 
Ansatz) bei hohem Monomerumsatz (≥93%) dienten. Die Polymerisation wurde bei einem 
konstanten Monomerverhältnis durchgeführt und zwar durch exakte Zugabe von Monomer 
und Initiator mit Hilfe einer Computer-kontrollierten Spritzenpumpe. Copolymere mit 
einheitlicher Zusammensatzung und verschiedenen Anhydridanteilen (0.08 ≤ FANH ≥ 0.25) 
konnten ebenfalls synthetisiert werden. Ein HFX:MEK (1:1) Gemisch wurde als 
Lösungsmittel verwendet um die Fällung des gebildeten Polymers zu verhindern.  
Die Untersuchung der thermischen Eigenschaften der Terpolymere zeigte, dass 
Terpolymere mit einem Anteil von 20 mol% Maleinsäureanhydrid eine 
thermogravimetrische Zersetzungstemperatur Td1 aufwiesen, die um 140ºC höher lag  als 
die der  Terpolymere mit einem Anteil von 20 mol% ITA. Den DSC Messungen zur Folge 
besitzen alle Terpolymere Glasübergangstemperaturen. Terpolymere mit Lauryl- 
Seitenketten zeigten geringere Glasübergangstemperaturen als Terpolymere mit Butyl-
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Seitenketten, sogar dann, wenn diese höhere Anteile an Anhydrid besaßen. Die Anhydrid-
Gruppen der Terpolymere wurde mit 3-Aminopropyltriethoxysilane (APTES) bzw. 
Ammoniak modifiziert um die Löslichkeit in Wasser bzw. Wasser/Alkohol Gemischen zu 
verbessern. P[MAH-co-FMA-co-BuMA] (MFB-20), P[MAH-co-FMA-co-LaMA]  (MFL-
25) und P[ITA-co-FMA-co-BuMA]  (IFB-20) Fluoropolymere, die mit APTES modifiziert 
wurden, könnten zu 1 Gew.-% in Ethanol und in Ethanol/Wasser Gemisch gelöst werden. 
Im Gegensatz dazu führte die Modifizierung mit Ammoniak zur Wasserlösslichkeit der 
Fluoropolymere. Die mit APTES modifizierten Polymere bildeten vernetzte Filme, 
nachdem sie aufs einer Ethanol/Wasser Lösung auf Glasssubstrate aufgetragen wurden. 
DLS Messungen an MFB-20, MFL-25 und IFB-20 Terpolymeren  die mit 5 Gew.- APTES 
modifiziert worden ergaben in Ethanol einen mittleren Durchmesser der Polymerpartikel im 
Bereich von 1.6-2.1 nm. Die hier untersuchten Fluorpolymere können zur Herstellung von 
Beschichtungen mit niedriger Oberflächenenergie aus umweltfreundlichen Lösungsmitteln 
von großem Interesse sein. Dies wiederum führt zu einer hohen Vielfalt möglicher 
industrieller Anwendungen.  
 Durch Spin-Coating von Fluoropolymeren mit reaktiven binären Anhydriden aus 
fluorierten Lösungsmitteln wie Freon 113 und HFX, wurden hydrophobe und lipophobe 
Beschichtungen auf grob geätztem Aluminium, Glasplatten und Siliziumsubstraten erhalten. 
Auf glatten Glasoberflächen variierte der Kontaktwinkel gegen Wasser zwischen 118 ° und 
121 °. Dabei stieg der Kontaktwinkel mit abnehmendem Anhydridanteil in den MAH-co-
FMA Copolymeren an. Die gleiche Tendenz wurde für ITA-co-FMA-Copolymeren mit 
einem Kontaktwinkel gegen Wasser auf Glass im Bereich von 116° - 120° beobachtet. Die 
Kontaktwinkel gegen Dodecan waren 69° - 76° für MAH-co-FMA-Copolymere bzw. 68° - 
74° für ITA-co-FMA. Ellipsometriemessungen von aufgetragenen Filmen, die durch Dip-
Coating auf ein Siliziumsubstrat hergestellt wurden, zeigten, dass dünnere 
Polymerschichten eher aus HFX als aus Freon 113 erhalten werden. AFM-Aufnahmen von 
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aufgetragenem MAH-co-FMA Fluoropolymer mit 29 mol % Maleinsäureanhydrid (CAP75) 
aus einer 1 Gew.-%igen Freon 113-Lösung zeigten eine vollkommen homogen bedeckte 
Oberfläche mit mikrogranulärer Polymermorphologie im Film. Kontaktwinkel gegen 
Wasser auf rau geätzten Aluminium-Oberflächen waren im Bereich von 141° - 148° für 
MAH-co-FMA und 148° - 151° für ITA-co-FMA. Anders als auf Glas stiegen die 
Kontaktwinkel auf angeätztem Aluminium  mit steigendem Anhydridgehalt sowohl in 
MAH-co-FMA sowie ITA-co-FMA. Auf rauen Aluminumscheiben betrugen die 
Kontaktwinkel gegen Dodecan zwischen 104° - 108° für MAH-co-FMA und 102° - 111° 
für ITA-co-FMA-Copolymere. Tempern der frisch hergestellten Filme erhöhten die 
Kontaktwinkel in allen Experimenten nur unwesentlich. Mit Jeffamin-M1000 modifizierte 
MAH-co-FMA-Fluoropolymere bildeten hydrophobe Schichten auf einem geätzten 
Aluminiumsubstrat wenn sie aus Wasser, Wasser/Ethanol-Mischungen und aus wässriger 
Ammoniak-Lösung aufgetragen wurden. Die frisch hergestellten Beschichtungen zeigten 
hydrophile Eigenschaften mit Kontaktwinkeln gegen Wasser unterhalb der Messgrenze des 
Goniometers, aber nach einstündigem Tempern betrug der Kontaktwinkel gegen Wasser 
zwischen 103° und 135° und gegen Dodecan zwischen 54° und 74°. XPS-Messungen von 
frisch hergestellten Beschichtungen und Beschichtungen nach Tempern zeigten einen 
Anstieg des Fluorgehalts zwischen 8.41 und 14.90 Atom% und einen Rückgang des 
Kohlenstoffgehalts von 53.47 auf 40.95 Atom% in der getemperten Beschichtung. 
 Nanostrukturierte superhydrophobe/lipophobe Oberflächen wurden auf geätzten 
Aluminiumscheiben aus umweltfreundlichen Lösungsmitteln wie Wasser, Wasser/Ethanol-
Mischungen, Ethanol und wässrigem Ammoniak hergestellt, wobei mit Jeffamin M-1000 
modifizierte MAH-co-FMA-Copolymere und Silica-Nanopartikel mit durchschnittlichen 
Durchmessern von 12, 35, 60, 90, 120, 200 und 610 nm verwendet wurden. Silica-
Nanopartikel mit durchschnittlichen Durchmessern zwischen 35 und 2040 nm wurden 
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mittels Stöber-Synthese hergestellt. Für solche Oberflächen wurde die höchsten  
Kontaktwinkel gegen Wasser und Dodecan  mit 161° und 82° bestimmt.  
Die Erzeugung stark wasser- und ölabstossender Schichten wurde nicht auf ebene 
Oberflächen begrenzt, sondern konnte auf 3D-strukturierte Substrate übertragen werden. 
Die Behandlung von Polyester- und Polyamid-Teppichen, sowie von 1:1 
Polyester/Cellulose und Polyamid-Fasern mit 200 nm großen Silica-Nanopartikeln und 
fluorierten Terpolymeren aus Ethanol ergab hydrophobe Beschichtungen auf den Artikeln. 
Als zusätzliche Technologie für die Film-Bildung wurde das Elektrospraying aus 
Polymerlösungen untersucht. Die Variation der Elektrospraying-Parameter ermöglichte es, 
eine schwammartige, grob vernetzte Beschichtung auf Papierbögen zu erzeugen. Die 
behandelten Papierbögen zeigten eine superhydrophobe Oberfläche mit Kontaktwinkeln 
gegen Wasser weit oberhalb von 160° und einen Gleitwinkel von 3-5°. Versuche, vernetzte 
hydrophobe Nanofasern durch Elektrospinning aus 5 – 10 Gew.-%igen Ethanol-Lösungen 
zu erhalten, resultierten in der Bildung flockenartiger, getrennter Mikro-Objekte. Die 
Erhöhung der Fluorpolymer-Konzentration bis zu 20 Gew.-% führte zur Abscheidung  
länglicher polymerer Objekte oder kurzen Fasern. Zur Herstellung von qualitativ 
hochwertigen, vernetzen, hydrophoben Nanofasern ist die weitere Optimierung der 
Elektrospinning-Parameter notwendig. 
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Chapter 1 
 
 
 
Introduction 
 
 
1.1 Combcopolymers for surface modification 
In many applications polymer chains are end-grafted to a surface, forming a polymer brush 
which is an attractive method to modify and control interface properties [1]. Besides the 
formation of ultrathin films on flat surfaces, e.g. on hard discs or culture dishes to promote 
cell adhesion [1], surface modified colloid particles are of great interest. Mixtures of colloids 
and polymers provide an important class of advanced materials with a wide range of 
mechanical, adhesive and optical properties. Strategies for attaching polymer brushes to 
surfaces include the ”grafting to” technique, tethering preformed polymer chains with reactive 
from solution onto a surface, and the ”grafting from” technique, i.e. polymerizing from 
surface-anchored initiators. The latter results in a higher density of polymer brushes on a 
surface because the ”grafting to” technique eventually faces serious steric hindrance that 
prevents incoming polymer chains from diffusing through the film to surface reaction sides. 
Furthermore the ”grafting to” technique suffers from the enormous synthetic efforts to prepare 
polymers with functional groups on one or both chain ends. Also, one cannot easily introduce 
other functional groups to the polymer film because these groups must be inert against the 
often very reactive anchor groups on the surface [2]. A fast and simple way to prepare brush 
modified surfaces is to covalently attach preformed polymers without special surface reactive 
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groups by radical reactions. Independently of the chemical nature of the polymer, 
photochemical reactions allow to attach initiator modified polymers to a polymer surface or to 
bind polymers to an initiator modified surface. The thickness of the polymeric coating is 
controlled by the chain dimensions of the used polymer [2]. It is also thinkable to covalently 
attach not only polymers or copolymers without special surface reactive groups via radical 
reactions to a surface, but also combpolymers with reactive functional groups. This can be 
managed for example on amino functionalized surfaces with anhydride modified 
combcopolymers. As a result an amid will link the surface and the brush-like copolymer to 
form surfaces with a much higher side chain density as known so far. This will result to new 
and unique surface properties such as superhydrophobic or superhydrophilic surfaces. 
 
1.2 Fluorine containing polymers 
In general, fluorine containing polymeric materials possess much better mechanical and 
thermal properties in comparison to low molecular weight fluorocarbon species. With the 
discovery of poly(tetrafluoroethene) (PTFE) by Dr.  Roy Plunkett within the research 
laboratories of DuPont in 1938 a new class of very special polymeric material with 
outstanding features was found [3, 4]. PTFE was commercialized under the trade mark Teflon 
from 1950 on and is still the most important fluoropolymer. Since then various fluorinated 
copolymers have been synthesized [5, 6] and successfully applied to many fields because of 
the characteristic properties of the stable C-F bond [7]. 
 Fluorinated polymers exhibit a unique combination of high thermal stability, chemical 
inertness (to acids, bases, and solvents), low dielectric constants and refractive indices, low 
water absorbability, excellent weatherability and a good resistance to oxidation and ageing, 
low inflammabilities and very low surface energies [8-15]. 
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Therefore, fluoropolymers and fluoroelastomers are involved in aerospace, aeronautics, 
engineering, optics, textile finishing and microelectronics applications in spite of their high 
price, and are undergoing an increasing market. 
However, fluoroplastics exhibit various disadvantages; e.g. polytetrafluoroethylene 
(PTFE) is highly crystalline and cannot be processed from melt since its melting temperature 
exceeds its decomposition temperature. PTFE cannot be dissolved in organic solvents which 
impede processing and molecular characterization. Furthermore, the homopolymer can only 
be cured with difficulty [16].  
One of the solutions to overcome these difficulties consists in performing a 
copolymerization of fluorinated monomers with either partially fluorinated or even non-
fluorinated comonomers. Actually, the latter materials provide complimentary properties such 
as solubility, facility to cure, decrease of crystallinity and also the adhesion onto substrates 
[17-21].  
Although fluorinated monomers are known to exhibit low reactivity in comparison to 
hydrocarbon homologous because of the high electron withdrawing effect of the fluorine 
atoms or fluorinated groups linked to the double bonds, the copolymerization of fluorinated 
monomers with nonfluorinated ones has led to various industrial products and are of growing 
interest [22]. For example thermoplastics, CTFE/ethylene (E) and TFE/E, are commercialized, 
particularly by the Ausimont (HALAR®) and DuPont (TEFZEL®) companies. 
 Another variation of fluorinated polymers are polymers with non fluorinated 
backbone and perfluorinated side chains. Polymers with highly fluorinated side chains have 
found a number of applications [23, 24] based on properties which are a consequence of the 
low surface energy of the fluorocarbons. Fluorine-containing polymers are generally resistant 
against organic solvents and aggressive chemicals. Copolymers with small amounts of 
fluorinated comonomers improve the water-repellant characteristics of the material [25]. Due 
to their low friction coefficient, viscous fluorinated oligomers are employed as efficient 
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lubricants [13]. The surface properties which lead to these applications result from the 
incompatibility of short perfluorinated segments with hydrocarbons as well as with water and 
other polar components.  
A versatile functional comonomer is maleic anhydride [26]. Its unique combination of 
electron accepting carbon-carbon double bound and its cyclic structure allows the synthesis of 
a wide range of different copolymers. Binary and ternary copolymers of maleic anhydride 
supply products for a wide range of applications like resins, adhesives, dispersant agents or 
coatings. Reaction with diols leads to unsaturated poly (ester)s and the five membered 
anhydride ring allows the further modification of copolymers, e.g. by esterification, amid or 
imidization, crosslinking or conversion into salts. Copolymerization of fluorinated monomers 
with maleic anhydride even allows the formation of water-soluble polymers [27]. 
 
1.3 Content of the thesis 
In the following text an outline of the content and objectives of the thesis is given: 
Chapter 2 provides a literature review concerning the synthetic and physical aspects of the 
thesis. 
Chapter 3 is focused on the synthesis and characterization of binary copolymers containing 
maleic or itaconic anhydrides and fluorinated methacrylic monomers. The copolymers are 
prepared via FRP continuous addition polymerization technique, having thus homogeneous 
compositions. Attention is paid to the grafting of hydrophilic and unsaturated moieties onto 
the copolymers, which allows preparation either amphiphilic polymers capable of forming 
environmentally friendly water/ethanol solutions-dispersions gaining thus water 
processability or UV-crosslinkableh copolymers which could be utilized in photolithography. 
Chapter 4 deals with synthesis and characterization of ternary copolymers of maleic, itaconic 
and citric anhydrides with both fluorinated as well as non-fluorinated methacrylates of 
different chain length. In all polymer syntheses, the FRP continuous addition polymerization 
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is employed, assuring the homogeneity of all obtained copolymers. Attempts to modify the 
anhydride units in the copolymers in order to attain water solubility or crosslinkability are 
described. Solubility in organic solvents as well as thermal analysis of the copolymers is also 
presented. Chapter 5 reports on the possible applications of all copolymers described in 
chapters 3 and 4. It focuses on the surface properties of the copolymers, describes fabrication 
of the nanocomposite coatings based on the fluoropolymers and different nanoparticles. The 
chapter also contains electrospinning attempts to produce crosslinked nanofibers from the 
fluoropolymers and new opportunities of fluoropolymer surface structuring by employing of 
the electro spraying method. 
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Chapter 2 
 
 
 
Literature Review 
 
 
2.1 Free radical batch and continuous addition polymerization in 
laboratory scale 
Free radical polymerization has become a frequently used reaction for preparation of a large 
number of homo- and copolymers in research laboratories. Usually it is done as a so called 
„batch polymerization”, when solvent, initiator and monomers are mixed together and heated 
under inert conditions until almost full conversion of the monomer has been achieved. In fact, 
this simple procedure is ineffective when used to prepare larger amounts of homopolymers 
and will produce a blend of products in many copolymerization reactions. Its inefficiency 
becomes obvious when one take into account the fact that rate of polymerization is 
proportional to the monomer concentration which means that the rate of polymerization 
decreases with decrease of monomer concentration upon conversion of the monomers. With 
regard to copolymerizations the issue of messy products becomes important. Since the more 
reactive monomer is faster consumed during the polymerization, the remaining monomer 
mixtures enriches in the less reactive monomer. The result is a mixture of macromolecules 
with different monomer compositions or simply the polymeric blend.  The way out of these 
problems is „continuous addition polymerization“. This term implies that the consumed 
monomers must continuously be replaced by dispensing of monomer feed solution in the 
course of polymerization. The technique is well established in the industrial production of 
polymers, but almost not known to the laboratory researchers.  This is partially, because the 
relevant information is “hidden” in journals and text books on technical chemistry or reaction 
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engineering, - a literature not usually consulted by preparative polymer chemists. Furthermore, 
the theory of technical continuous addition copolymerization is adapted to industrial technical 
processes, which assume high capacity vessels, complicated heat and mass transfer problems, 
the presence of on-line analytics and a high degree of automation. 
In the chemical laboratory things can be made easier, since it is often the aim to prepare 10 -
100 g of a copolymer of homogeneous composition. This task can be managed using typical 
equipment for synthetic organic chemistry together with a syringe pump that is able to 
dispense a volume of 50 – 400 mL of liquid over a period of some hours.  An expensive on-
line analytics is not required, because even a continuous addition polymerization with slightly 
wrong addition rate produces by far better copolymers than the simple batch polymerization 
[1]. 
 
2.2 Fluorinated compounds 
2.2.1 Properties of fluorinated compounds 
The attractiveness and some peculiarities of the chemistry of organic fluorine containing 
compounds are partly due to the strong electronegativity and low polarizability of fluorine. 
Many physical and chemical properties of fluorinated compounds differ considerably from 
those of other halogen compounds as well as from those of the parent hydrocarbon 
compounds. Highly fluorinated compounds are poorly soluble in hydrocarbon solvents and 
fluorinated solvents, such as chlorofluorocarbons (DuPont trade name Freon®) or halocarbons 
(Solvay Fluor GmbH trade name Solkane®) are required. This can be explained by the unique 
properties of fluorine and the fluorine-carbon bond [2]: 
 high reduction potential   F2 + 2e
−  → 2F−, E0 = 2.65 volts 
 high ionization energy  F → F+ + e− , EIP = 1681 kJ/mol 
 high electron affinity   F + e− → F−, Eea = 3.40 eV 
 the highest electronegativity all elements, χ = 4.1(Pauling scale) 
 fluorine is very hard to polarize 
 
The unusual chemical properties of fluorine as a substituent in organic compounds have been 
attributed to (1) the high electronegativity of fluorine, (2) the three nonbonding electron pairs 
on fluorine, and (3) the excellent match between the 2s and 2p orbitals of fluorine and the 
corresponding orbitals of other second period elements [3]. Fluorine can therefore form very 
Literature Review 
_________________________________________________________________________________________________________________ 
 
 
9
strong covalent bonds with carbon and hydrogen. The carbon-fluorine bond is among the 
strongest of known covalent bonds [4] and the strongest bond in organic chemistry. The heat 
of formation of the carbon-fluorine bond increases in the order CH3F ≈ 448 kJ mol, CH2F2 ≈ 
459 kJ mol , CHF3 ≈ 480 kJ mol and CF4 ≈ 486 kJ mol . The stability of fluorinated carbon 
compounds results from the strong C-F bond and effective shielding of carbon by fluorine 
atoms without steric stress [5, 6]. The atomic radius of covalently bonded fluorine is 0.72Å 
[5].  
 
2.2.2 Hydrocarbon-fluorocarbon incompatibility 
 
One of the fascinating properties of fluorocarbon substances is their hydro- and oleophocicity 
which stems from immiscibility of fluorocarbons with other nonfluorinated species being 
either polar or unpolar. This happens because C-F bond exhibits resistance both to van der 
Waals forces and polar interactions. The extent of this incompatibility is demonstrated by 
some exemplary cases. Considering a binary mixture of a perfluoroalkane with the 
corresponding hydrocarbon analogue, strong deviations from ideal solutions were observed 
e.g., the addition  of 500 mL n-perfluorohexane to 500 mL of n-hexane gives 1030 mL of 
solution at 25 °C [7]. The volume expansion illustrates the extraordinarily strong 
incompatibility of the two components. At temperatures below 22.5 °C phase separation 
occurs. 
Consequently mixing of fluorocarbons and hydrocarbons to form a homogeneous 
solution is an endothermic process [8, 9] and  the enthalpy of mixing is used as a measure of 
compatibility. (Table 2.1). The enthalpy of mixing for fluorocarbons and hydrocarbons 
increases proportional to the length of the constituent molecules.  
 
Table 2.1: Mixing enthalpies for 1: 1 molar mixtures of incompatible liquids [10, 11]. 
Compound ∆Hmix, 
kJ/mol 
Temperature, K 
n-C4H10/n-C4F10 1.736 245 
n-C5H12/n-C5F12 2.008 285 
n-C6H14/n-C6F14 2.372 308 
n-C7H16/n-C7F16 2.636 323 
n-C6H14/(CH3)3-Si-O-Si-(CH3)3 0.131 298 
n-C7H16/(CH3-O-CH2-CH2)2-O 1.650 298 
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Other incompatible low surface energy materials like siloxanes are also not miscible with 
hydrocarbons, and the system n-hexane/hexamethyldisiloxane represents another 
incompatible nonpolar system which can be compared with fluorocarbon-hydrocarbon 
systems. Although, ∆Hmix of n-hexane/hexamethyldisiloxane is only 0.131 kJ/mol [9], which 
is roughly 5% of the value for the comparable n-hexane/n-perfluorohexane system. Even for 
the system where strong polar and dipolar interactions are present as in n-heptane/diethylene 
glycol dimethyl ether the enthalpy of mixing is only 1.650 kJ/mol which is 37 % less referred 
to n-heptane/n-perfluoroheptane. 
 Thus, this strong incompatibility can be exploited to control the properties of existing 
materials. As a primary step to gain more understanding of fluorocarbon-hydrocarbon systems 
low molecular weight semifluorinated amphiphilic molecules in which a fluorine containing 
segment was chemically connected to a hydrocarbon segment have been prepared and studied 
[12-16]. Because of their interesting properties the question arises how the macromolecular 
analogues would behave. A number of novel applications might arise from the use of these 
semifluorinated polymeric surfactants such as compatibilizers for blends containing 
fluorinated polymers, low surface energy coatings for enhanced water and oil repellency, and 
novel nonionic surfactants. 
Many fluoropolymers exhibit a pronounced side chain crystallization [11, 17], which affects 
applicability of these materials. A class of fluorinated polymers where side chain 
crystallization is absent is comprised by the perfluoropolyethers (PFPE)s. Besides several 
commercialized perfluorooligoethers are used as lubricants for magnetic recording media [18], 
in aerospace engines and satellite instruments [19], high molecular weight PFPEs might be 
developed which opens a whole range of new applications including self healing low surface 
energy coatings and special surfactants for, e.g. supercritical carbon dioxide. 
 
2.2.3 Polymers with fluorinated side chains 
In the last decades quite a few publications appeared in the literature concerning preparation 
and application of well architectured fluoropolymers. In this regard a preparation of poly 
(fluoroalkyl 2 fluoroalkoxy methylacrylate)s [20, 21], poly(meth)acrylates with linear 
semifluorinated side chains [22], as well as with hexafluoro-2[3-(hecafluoro-2-methoxy-2-
propyl)phenyl]-2-propyl side groups [23] have been reported. Moreover, the studies on liquid-
crystalline (LC) (meth)acrylic polymers with 4-trifluoromethoxy-azobenzene mesogenic side-
groups [24], with ω-perfluorodidecyl-1-decyl side chains [25], and poly(ethyl α-
(perfluoroalkylmethyl)acrylate)s [26], have been published. Commercially available are 
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amorphous perfluoroplastics branded as Teflon® AF, a series of copolymers of perfluoro-2,2-
dimethyldioxole with tetrafluoroethene, and Cytop®, a homopolymer of cyclized 
CF2=CFO(CF2)2CF=CF2 [27]. 
 
 
Currently, amphiphilic polymers with fluorine containing side chains find an application for 
the formation of Langmuir-Blodgett (LB) films. Therefore specially tailored polymers, 
consisting of poly(N-(p-heneicosafluorodecylsulfonylphenyl)-L-prolinol acrylate) (a) [28], 
poly(N-acylethyleneimines) with hydrocarbon and fluorocarbon  side chains varying in length 
from 6 to 17 carbon atoms [29] and poly(2-(p-(1-oxy-1-trifluoromethyl-2,2-
diheptafluoroisopropylethene) phenyl)-2-oxazoline) (b) [28] have been prepared. The above 
mentioned films exhibit a high degree of polar orientation order, good optical quality and 
long-term stability. 
 
 
Liquid crystalline diblock copolymers (c) based on ω-[(4-cyano-4’-biphenyl)-oxy]alkyl vinyl 
ether/1H,1H,2H,2H-perfluorodecyl vinyl ether, and 2-(4-biphenyloxy)-ethyl vinyl 
ether/1H,1H,2H,2H-perfluorodecyl vinyl ether synthesized by living cationic polymerization 
have been reported by Percec and Lee [30]. All block copolymers exhibit a microphase-
separated morphology when the A segment is in the liquid crystalline phase. Because of short 
spacer lengths (n = 2, 3), the diblock copolymers also display a microphase-separated 
morphology in the melt phase of the A and B blocks. 
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A number of block polymers known as microblock polymers consists of short alternating 
hydrocarbon moieties and fluorocarbon segments –(-(CF2)n-(CH2)m-)-x-, with n = 4,6 and m = 
6, 8, 10 [31, 32]. The polymers behave like low molecular weight perfluoroalkylalkanes with 
regard to the appearance of liquid crystalline textures. Liquid crystalline fluorocarbon side 
chain polyesters (d) [33], and condensation polymers, where the fluorinated segments are 
connected to aliphatic segments via urethane linkages are members of microblock polymers 
family as well [34]. 
 
 
2.2.4 Wetting property of fluorinated compounds and method of 
determination thereof 
A low surface energy is an important property of semifluorinated and perfluorinated 
compounds. Zisman et al. [35] have contributed extensively to the fundamental knowledge of 
wettability of surface active compounds. They have shown that the wetting properties of a 
given organic solid are controlled by the nature and packing of the atoms at the solid/air 
interface. In 1805 Thomas Young defined the contact angle θ as a result of analysis of forces 
which act on the droplet resting on the solid surface surrounded by gas [36].  
γSG = γSL + γLGcos θ  (2.1) 
 
where, γSG - interfacial tension between the solid and gas; γSL - interfacial tension between the 
solid and liquid; γLG - interfacial tension between the liquid and gas. 
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The wetting properties of the solid can be determined with a help of dynamic sessile drop 
method. A common type of dynamic sessile drop study determines the largest contact angle 
possible without increasing its solid/liquid interfacial area by adding volume dynamically. 
This maximum angle is called the advancing angle. Volume is then removed to produce the 
smallest angle possible, which is called the receding angle. The difference between the 
advancing and receding angle is the contact angle hysteresis. Fox and Zisman  [37] measured 
advancing contact angles (Figure 2.1.1) of homogeneous series of liquids on low-energy 
surfaces and plotted the cos θ values against the surface tension of the wetting liquids. 
 
 
Figure 2.1.1: Equilibrium contact angle measured by sessile drop method. 
 
Extrapolation of cos θ to cos θ = 1 yields the critical surface tension γc and corresponds to the 
onset of complete wetting. The summarized relation between the equilibrium contact angle θ, 
the critical surface tension γc, and the surface tension of the wetting liquid γL, is summarized 
in the empirical Equation 2.2: 
cos θ = 1 + m (γL − γc)   (2.2) 
 
An complementary evaluation of the surface energy is given by the Girifalco-Good-Fowkes-
Young (GGFY) correlation (Equation 2.3) [38, 39]: 
 
cos θ = -1 + 2 (γs
D)1/2 (γL)
 -1/2  (2.3) 
where γs
D
 is the dispersion force contribution to the surface energy of the solid and γL is the 
surface tension of the wetting liquid. Thus the GGFY equation is based on the assumption that 
polar interactions can be neglected. In a plot of cos θ versus (γs
D)1/2, the experimental data for 
cos θ obtained for a series of wetting liquids should give a straight line intercepting the Y axis 
at -1 and the horizontal line at cos = +1 at (γs
D)1/2. 
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Roughness of the surface biases the wetting/dewetting prpperties. It either increases a 
contact angle of hydrophobic surfaces and they become superhydrophobic due to decreasing 
of contact area of surface/water interactions or decrease a contact angle if the surface is 
hydrophilic due to increasing of contact area of surface/water interactions [40]. Wensel 
determined that when drop of liquid rests on the rough microstructured surface θ will change 
for θW* (Equation 2.4). 
 
cos θW* = r 
LGγ
γγ   - SLSG   (2.4)  
In this equation r stands for a ratio of actual area to the projected area [41]. A drop of liquid in 
the Wensel state is depicted in Figure 2.1. 2. 
 
Figure 2.1. 2: A droplet of liquid in the Wensel state. 
 
Cassie and Baxter found that if the liquid is suspended on the tops of microstructures θ will 
change for θCB* (Equation 2.5). 
θCB* = φ(cosθ +1)-1   (2.5) 
 
In the equation φ is the area fraction of the solid that touches the liquid [42]. A drop of liquid 
in the Cassie-Baxter state is depicted in Figure 2.1. 3. 
 
 
Figure 2.1. 3: A droplet of liquid in the Cassie-Baxter state. 
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Liquid in the Cassie-Baxter state is more mobile than in the Wenzel state. It can be predicted 
whether the Wenzel or Cassie-Baxter state should exist by calculating the new contact angle 
with equations 2.4 and 2.5.  
Perfluorinated polymers have the lowest surface tension, which is directly related to 
their antistick properties [43]. Perfluorinated amines and ethers also have low surface tensions 
(15-16 mN/m) [3, 44]. The surface tensions of hydrofluorocarbons are always higher than 
their perfluorinated counterparts, but they can be larger, smaller, or equal to those of their 
hydrocarbon analogues depending upon fluorine content (Table 2.3) [3]. The effects of 
fluorination on the solids surface free energies are in parallel to the trends observed with 
liquids. 
 
Table 2.2: Liquid and polymer surface tensions. 
Liquid γ [mN/m] Polymer γ [mN/m] 
C5F12 9.4 -CF2CF(CF3)- 16.2 
C5H12 15.2 -CF2CF2-; 18.6 
  Poly(tetrafluoroethene), Teflon®  
C6F14 11.4 -CH2CF2- 25 
C6F13H 12.6 -CH2CHF- 28 
C5H11CF3 17.9 -CH2CH2-; Poly(ethylene) 31 
C6H13F 19.8 -CCl2CCl2-; Poly(vinyl chloride) 39 
C6H14 17.9   
cyclo-C6F11CF3 15.4   
cyclo-C6H11CH3 23.3   
 
The solid with the lowest surface energy known (γc = 6 mN/m) is a monolayer of 
perfluorolauric acid on platinum, whose monolayer  at air interface is made up of closely 
packed CF3 groups [45]. 
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Table 2.3: Wetting properties of perfluoroacid monolayers versus comparable acrylate films [45]. 
Nr. C atoms Terminal 
group 
γc [mN/m] 
Monolayer acid Acrylate film 
4 -CF3 9.2 15.5 
8 -CF3 7.9 10.3 
9 -CF2H - 13.0 
11 -CF2H 15 14.5 
 
Fluorinated graphite, (C2F)n and (CF)n also have surface tensions approaching 6 mN/m [46]. 
Perfluorinated materials, however are not required for low surface energies; only  the 
outermost surface groups must be perfluorinated  [45, 47]. 
 
2.3 Unsaturated anhydrides 
2.3.1 Maleic anhydride  (MAH) physical properties 
Maleic anhydride (MAH) with a density 1.48 g/cm3, is a white crystalline solid with an acrid 
odor and with a melting point of 52 - 54 ºC. In water it rapidly hydrolyzes at 25 ºC. The 
dissociation constants of the resulting maleic acid are  K1 = 1.14* 10
-2 and K2 = 5.95*10
-7 
[48]. 
 
2.3.2 Homopolymerization of maleic anhydride 
The homopolymerization of the planar maleic anhydride [49] was first described in 1961 [50] 
and can be done with radicals [51, 52], γ and UV irradiation [50, 53], ionic catalysts [54], 
electric current [55], or pressure [56, 57]. However, homopolymerization yields only low 
molecular weight products in bad yields.  
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It was found that maleic anhydride is only able to polymerize in an excited state and that the 
excited species have to be present in sufficient amounts in order to start homopolymerization 
[58]. Such a situation can be only achieved at high radical concentrations, e.g. by fast initiator 
decomposition, γ irradiation, UV irradiation in the presence of light sensitive compounds and 
by shock waves [59, 60]. During the polymerization, CO2 evolves and the bicyclic structure (I) 
was suggested for most of the polymers [51] instead of the poly 1,2 adduct (II). In 2002 
Schiller et al. reported the homopolymerization of maleic anhydride using plasma processes 
[61]. Highly reactive films were formed that swell considerably in water to form a 
polyelectrolyte gel coating. 
 
2.3.3 Copolymerization of maleic anhydride 
Maleic anhydride readily copolymerizes with a large number of monomers by means of free 
radical polymerization (FRP). MAH is a monomer with an electron deficient double bond (Q 
= 0.865, e = 3.69 [62]). An electron rich monomers readily form copolymers with MAH, even 
in the case these monomers do not homopolymerize themselves like stilbene [63]. Binary and 
ternary copolymers of maleic anhydride supply products for a wide range of applications like 
resins, adhesives, dispersant agents or coatings. Properties like hydrophobisity, good adhesion 
or good coloring, can be tuned by the choice of the monomers. Because of the reactivity of 
the succinic acid anhydride unit, the properties of these copolymers can be further tuned by 
chemical modifications [58]. Maleic anhydride is known to be a strong electron acceptor 
monomer and it tends to undergo alternating copolymerization with olefins, dienes, ethers and 
aromoatic compounds (Table 2.2. 1). It has been assumed that in many cases a charge transfer 
complex (CTC) with a small equilibrium constant was formed between both monomers and 
that the complex plays an important role on initiation and propagation reactions [58, 64, 65]. 
Features of alternating copolymerizations which have been considered as evidence for the 
involvement of complexes include: 
1. Thermal or spontaneous initiation of copolymerization in some instances, like 
• maleic anhydride — 5,6-dihydro-1,4-dioxine [66] 
• maleic anhydride — 1,1-dimethoxy-ethen [52]  
• maleic anhydride — 1-alkylthio-ethen (e.g. ethyl-vinyl-sulfane) [67] 
• maleic anhydride — styrene [68] 
2. The tendency towards alternation over a wide range of monomer feeds, 
3. High rates of copolymerization for the equimolar monomer feed, 
4. Copolymerization might stop after total consumption of one monomer. 
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Figure 2.2. 1:Copolymerization of styrene/MMA (—) [69] MAH/styrene (-・-) [70] and MAH/MMA ( - -) [71]. 
 
In comparison to the polymerization of electron donor monomers such as styrene with maleic 
anhydride (MAH), monomers that show positive e values with little or no donor-acceptor 
interaction do not show an alternating polymerization even when the feed contains as much as 
0.95 mole fraction of maleic anhydride (Figure 2.2. 1) [71, 72]. Among these are acrylic acid 
esters (e.g. methyl methacrylate, methacrylate, ethyl acrylate [71-73], and acrylamide [58]. 
Because of the specific copolymerization characteristics homogenous copolymer 
compositions can, with the exception of the alternating copolymers, only be achieved by 
controlled continuous feed of the monomers to the polymerization reaction. 
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Table 2.2. 1: Alternating copolymers with maleic anhydride. 
Monomer Polymerization CTC 
detected 
Ref. 
styrene at 80ºC by BPO; 70ºC by AIBN UV [64] 
α-methyl styrene at 80ºC in decaline by AIBN NMR, UV [74] 
furane at 70ºC in benzene by AIBN NMR, UV [75, 76] 
2-methylfurane under UV light or AIBN in benzene, 
dioxane or THF at 30-70ºC 
NMR [75]  
benzofurane at 60ºC in cyclohexane by AIBN NMR [77] 
indole at 60ºC in CHCl3 by AIBN NMR [77] 
ethyl vinyl ether at 60ºC in CHCl3 by BPO UV [78]  
2,3-dihydropyrane at 60ºC in CHCl3 by BPO UV [79] 
vinyl acetate at 70ºC in acetone by AIBN NMR,UV [80] 
 
An even higher level of structural control (controlled molecular weight, gradient composition) 
can be achieved by living polymerization reactions. Benoit et al. have reported the 
copolymerization of styrene and maleic anhydride using nitroxide-mediated living free radical 
polymerization procedures. They were able to synthesize poly[(styrene–co–maleic 
anhydride)–b–styrene] block copolymer in a one-step reaction [81]. 
 
2.3.4 Other polymerizations of maleic anhydride 
Aqueous ring-opening metathesis polymerization (ROMP) was first described 1989 with a 
ruthenium(III) catalyst [82] and it has been applied to the Diels-Alder adduct of furan, i.e., 
exo-7-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate anhydride [83] (Scheme 2.2. 1). Several 
applications for this new polymer have been suggested [83]. 
 
 
Scheme 2.2. 1: Synthesis of exo-7-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate anhydride and ring opening 
metathesis polymerization in water. 
 
Copolymers of maleic anhydride and its isomeric acids (or ester derivatives) are formed with 
a wide variety of monomers via FRP as was described in 2.3.3. Suitable monomers include 
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styrene, vinyl chloride, vinyl esters, acrylonitrile, acrylic acid, acrylic and methacrylic esters, 
acrylamide, acrolein, vinylsulfonic acid, allyl acetate, and alkenes, vinyl alcohols, vinyl 
ketones, and carbon monoxide. Copolymers may also be assembled, in random or alternating 
additions (Scheme 2.2. 2), by grafting maleic anhydride onto existing polymers or by 
polycondensation [84, 85]. 
 
Scheme 2.2. 2: Polymerization reactions variety of maleic anhydride with vinylic monomers. 
 
Thus, unsaturated polyester (UP) resins prepared by condensation polymerization constitute 
the largest industrial use for maleic anhydride. Typically, maleic anhydride is esterified with 
ethylene glycol and a vinyl monomer or styrene is added along with an initiator such as 
peroxide to produce a crosslinked polymer with tailored rigidity, insolubility and mechanical 
strength (Figure 2.2. 2 ) [86]. UP resins are used in sheet moulding compounds (SMC) and 
bulk moulding compounds (BMC) so called fiber reinforced plastics (FRP).  
 
 
Figure 2.2. 2: An example of unsaturated polyester resin crosslinked by free radical copolymerization with 
styrene or other vinyl monomer. 
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The reaction of primary amines and maleic anhydride yields amic acids that can be 
dehydrated to imides, polyimides, or isoimides depending on the reaction conditions. 
However, imide formation requires multistep processes and are often economically not 
efficient (Scheme 2.2. 3).  
 
 
Scheme 2.2. 3:  Synthesis route for 2,2-Bis[4-(4-trimellitimidphenoxy)phenyl]hexafluoropropane (BTHP) as a 
building block for non soluble poly(amide-imide)s [87]. 
 
Pathways with favorable economics are difficult to achieve. Amines and pyridines decompose 
maleic anhydride, often in a violent reaction and carbon dioxide is a typical end product for 
this exothermic reaction [88]. N-substituted imides, either polymeric or monomeric, are 
formed in a dehydrating step at elevated temperature (>140.) [89, 90] or at lower temperatures 
(≈100.) when a dehydrating agent (PPh3, Ac2O, PCl5, P2O5, H3PO4 or SOCl2) is employed [87, 
91] (Scheme 2.2. 4). Anhydrides can be prepared from dicarboxylic acids by using the same 
dehydrating reaction conditions. Condensation of a fluorinated amine onto a succinic 
anhydride modified high density polyethylene has been studied by Boutevin et al. [92]. The 
authors describe a maximum grafting yield of 44%. Imidization of poly(styrene–alt–maleic 
anhydride) was studied by several other groups. The reactivity of the polymer bound 
(succinic)anhydride in poly(styrene–alt–maleic anhydride) was found to be lower by a factor 
of 10 in comparison to a low molecular weight dimethylsuccinic anhydride [93, 94].  
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Scheme 2.2. 4: Grafting of (fluorinated) amines onto poly(styrene–alt–maleic anhydride). 
 
Anhydride moieties from poly(styrene–alt–maleic anhydride) may be shielded by the random 
coil structure of the copolymer which prevents them from reacting with the amine. Both 
reaction steps require reaction times of about 24 hours to achieve high conversions.  
MAH or resulting succinic anhydride in the polymer can undergo a ring opening 
reaction when Lewis bases are present Scheme 2.2. 5. Treatment with sodium hydroxide 
results in water soluble di-sodium salts or with aqueous ammonia into bisammonia salts. With 
concentrated aqueous ammonia it is possible to form the monoamid/monoammonia salts. This 
reaction depends on the comonomers. Ethen and propene maleic anhydride copolymers form 
bis-ammonia salts, whereas copolymers with the longer 1-alkenes tend to form monoamid-
monoammonia salts [95]. 
 
 
Scheme 2.2. 5: Ring-opening reaction in the presence of Lewis bases. 
 
 
2.3.5 Industrial applications of maleic anhydride  
Maleic anhydride is a versatile chemical that finds applications in almost every field of 
chemical industry. It is an important raw material used in manufacturing of phthalic-type 
alkyl and polyester resins, surface coating, lubricant additives, plasticizers, copolymers and 
agricultural chemicals [86]. Many chemical reactions can be carried out with maleic 
anhydride and its ring opening forms maleic and fumaric acids. Starting from acid chloride 
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formation [96, 97] to acylation reactions [98], alkylation [99, 100], concerted nonpolar 
reactions [101-106], decomposition and decarboxylation [107-109], electrophilic addition 
[110], esterification [110, 111], free-radical reactions [112], Grignard-type reactions [110, 
112], halogenation [113], hydration and dehydration [110, 114], ligation to metal atoms [115], 
nucleophilic addition [116], oxidation [117, 118], reduction [119-121] and sulfonation [122]. 
Maleic hydrazide (Scheme 2.2. 6) is one of a number of commercial agricultural chemical 
derived from maleic anhydride. Maleic hydrazide was first prepared in 1895 [123] but about 
60 years later elapsed before the intermediate products were elucidated [124].  
 
 
Scheme 2.2. 6: Formation of maleic hydrazide. 
 
2.3.6 Itaconic anhydride  
ITA, with a density of 1.38 g/cm3, is a crystalline material with a melting point around 68 -
69 °C. It hydrolyzes completely in water at 25 °C, with the first and second dissociation 
constant of the resulting itaconic acid are K1= 1.40*10
-4 and K2= 3.56*10
-6. Its neutralization 
in aqueous medium is pH dependent. The extent of ionization of itaconic acid below pH = 3 is 
negligible. Mono-neutralized acid exists at a maximum pH of 4 - 5. Above pH = 8 the acid is 
completely ionized [125]. 
ITA has two functional groups: the anhydride ring, which can undergo different types of ring 
opening reactions, such as hydrolysis, alcoholysis and amidation; and a double bond, which 
can take part in Diels-Alder reaction and free radical polymerization. Preferential reaction of 
the unconjugated carbonyl groups has been reported when it undergoes esterification and 
amidation reaction, [126-128] as shown in Scheme 2.2. 7 
 
 
Scheme 2.2. 7: Esterification of ITA with preferential reaction of the unconjugated carbonyl group [129]. 
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The exclusive formation of the ester or amide derivatives in the γ-position with respect to the 
methylene group may be due to conjugation of C=C bond of the anhydride to the nearby C=O 
group, which leads to lowering of the partial positive charge of the carbon atom of the 
carbonyl group, whereas the remote carbonyl group is not affected [129]. Thus attack by a 
nucleophilic reagent will occur at the γ-carbonyl group with formation of γ-derivatives. Steric 
effects of the methylene group also may favor the preferential formation of the γ-derivatives 
[130]. The ITA isomerization to citraconic anhydride (CIA) takes place at a temperature 
above the melting point or at the presence of amine [128]. CA can be identified from their 
characteristic absorptions in the infrared spectra at 809 (C-H bend in disubstituted C=C 
groups of ITA) and 699 cm-1 (C-H bend in trisubstituted C=C groups of CIA) respectively 
[131], or from 1H-NMR analysis where CIA has  a characteristic chemical shift at 6.78 (1H 
for CH) and 2.15 ppm (3H for CH3) [132] while the signals from ITA are found at 6.55 or 
5.90 (1H for =CH2) and 3.20 ppm (2H for CH2).  
Some inhibitive effect of CIA on polymerization of itaconic anhydride was observed 
[131]. The authors revealed that γ-irradiation initiated polymerization of ITA in solution starts 
at 50°C und reaches its highest rate at about 90°C. The yield and polymerization rate 
decreases if monomer solution is heated above 90°C. The reason why polymer can hardly be 
obtained at high temperature is considered to be that isomerization from ITA into CIA takes 
place. Burb et al. [133] reported that isomerization from ITA to CIA takes place in bulk 
quantitatively at a temperature above the melting point. Ishida et al. [131] studied the 
relationships between the thermal polymerization of ITA and its transition to CIA and found 
that isomerization takes place at about 90°C and above 100°C total unpolymerized ITA is 
converted into CIA. 
 
2.3.7 Itaconic anhydride is a green chemistry chemical 
Itaconic anhydride (ITA) is a monomer that is obtainable from renewable resources. ITA is 
produced from the pyrolysis of citric acid [134, 135] or from renewable resources such as 
corn starch or others,  through  fermentation of polysaccharides forming itaconic acid 
followed by its dehydration [136] forming the anhydride (Scheme 2.2. 8).  
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Scheme 2.2. 8: Synthetic approaches of ITA from renewable resources. 
 
Polymers based on ITA have not received as much attention as maleic acid anhydride 
materials, though its free-radical homopolymerization [131, 137] and copolymerization with 
variety of  other monomers [138-141] has been reported. ITA has been considered as an 
alternative to maleic anhydride (MAH) for introducing polar functionality into polymers 
[142]. It is generally more reactive with other comonomers than MAH is. The reactivity ratios 
for ITA copolymers are summarized in Table 2.2. 2. [138-141], [143]. 
 
Table 2.2. 2: Reactivity ratios of itaconic anhydride and common monomers. 
Comonomer Itaconic anhydride 
r1 r2 
Methyl Methacrylate 0.99 0.18 
Stearyl Methacrylate 0.53 0.21 
t-Butyl Methacrylate 0.27 0.30 
Styrene 0.41 0.01 
Isobutyl vinyl ether 0.41 0.00 
Vinyl Acetate 1.57 -0.02 
2-Chloroethyl acrylate 2.46 -0.02 
Acrylonitrile 4.83 0.03 
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2.3.8 Polymerization and applications of itaconic anhydride 
Drougas [144] first reported the polymerization of ITA. The ITA homopolymerization, 
including radical-catalyzed solid-state, molten, solution polymerization as well as γ-irritation, 
ultraviolent radiation polymerization were studied by Ishida [131]. Copolymers of ITA have 
been synthesized in bulk, melt, suspension and emulsion showing high conversion. As noted 
in Table 2.2. 2 and Table 2.2. 3, ITA copolymerizes with most vinyl comonomers generating 
copolymers enriched in ITA as a result of its greater reactivity ratios than the comonomers 
[138, 140, 141, 145]. 
ITA containing polymers find applications similar to those contains MAH, e.g. ionomeric 
materials [146], compatibilizers [147-149]. Because of the high content of acid anhydride 
groups or carboxyl groups, polyitaconic anhydride or polyitaconic acid may also be used as 
an "acid hardener" for epoxide resins [150]. In addition, a wide variety of other applications 
has been reported for the available ITA copolymers. ITA is used as a component in 
photoresist materials for microlithography [141]. Although the mechanism is not clear yet, 
ITA, poly(itaconic anhydride) (PITA) and its derivatives are effective thermal stabilizers for 
other polymers [151], silk or proteins [152], wood fiber [153]. In the pharmaceutical area, 
derivatives of ITA containing polymers, e.g. ITA and styrene copolymer, poly(itaconic acid) 
and amide-imide derivatives of PITA have been shown to possess biological activity, 
especially for antitumor or cancer treatments [144, 154]. In recent years, comb-like 
copolymers based on monoalkyl itaconates, symmetric and non-symmetric dialkyl itaconates 
have been synthesized and studied [155-157]. ITA containing amphiphilic copolymers were 
prepared to examine the self-assembly and hydrogel properties and their medical applications, 
such as drug release [158-160]. 
 
2.3.9 Comparison of ITA with MAH 
Maleic anhydride is the building block for unsaturated polyester resins. It's used mainly in 
fiberglass reinforced resins for construction, automotive and marine products. It is also used 
in formulations for liberation oil additives, food additives, paper chemicals, epoxies, as well 
as in a number of other applications. Free radical grafting of MAH on to a macromolecule is 
an important method to introduce the anhydride functionality [161, 162]. One of the most 
important applications of MAH copolymers is as compatibilizers in polymer blends and 
composites[147, 148]. ITA, owing to the chemical similarity to MAH, has been mentioned as 
an alternative to MAH, but it hasn't been studied as intensively. However, ITA is very a 
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reactive monomer in free-radical polymerization, in contrast to maleic anhydride, itaconic 
acid and alkyl itaconates [144]. It can homopolymerize without difficulty and copolymerize to 
form polymers with varying compositions, which allows the formation of many anhydride 
ring containing polymers that MAH cannot achieve due to its limitation of producing 
copolymers containing maximum 50 mol % of the anhydride. The high relative reactivity can 
be explained by the fact that the itaconic anhydride produces a tertiary radical, which is very 
reactive [139]. The reactivity ratios of ITA and MAH with common comonomers are listed in 
Table 2.2. 3. 
 
Table 2.2. 3: Reactivity Ratios of Itaconic Anhydride and Common Monomers [163]. 
Comonomer Maleic Anhydride Itaconic Anhydride 
r1 r2 r1 r2 
Methyl Methacrylate -0.163 to 0.08 0.46 to 6.36 1.17 0.16 
Styrene 0 to 0.05 0 to 0.097 0.41 0.000 
Vinyl Acetate -0.058 0.019 1.57 -0.02 
2-Chloroethyl Acrylate 0.027 7.15 2.46 -0.02 
Acrylonitrile 0 6 4.83 0.03 
 
ITA is now attracting increasing attention, due to the fact that it is from annually renewable 
resource and biodegradable. It is an environmentally friendly substitute of MAH, which is 
prepared from petrochemical resources. In addition, the biocompatible and bioactive nature of 
ITA has revealed their big potential in biomedical applications. However, ITA is still more 
expensive than MAH, which limits its application in specialty polymers. 
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Chapter 3 
 
 
 
Binary Copolymers of Fluorinated 
Methacrylates with Maleic and Itaconic 
Anhydrides 
 
3.1 Introduction 
Fluorinated polymers are widely used in different areas because of their water- and oil 
repellency, chemical inertness, thermal stability, low friction coefficient and flame 
retardancy. Applications comprise self-cleaning, anti-icing, and anti-fouling coatings [1-6],  
low dielectric constant polymers in electronic industry [7], nonionic surfactants [8-10], 
friction modifiers in lubrication oils [11], optical fiber claddings [12-14] and membranes 
[15]. Nevertheless, homopolymers do not always exhibit the desired properties for technical 
applications and sometimes the properties of fluoropolymers must be tailored to the certain 
application area. This can be achieved by copolymerization of fluorinated monomers with 
other types of monomers which can change the final properties of the copolymer or possess 
reactive structural unit and can be further modified trough polymer analogous reactions. For 
a variety of monomer combinations in batch free radical copolymerization the copolymer 
composition tends to drift gradually over the course of the copolymerization due to the 
different reactivities of the monomers against the growing polymer radicals. Whereas, the 
more reactive monomer is consumed first causing remaining solution as well as the product 
to become gradually enriched in the less reactive monomer with growing conversion. Thus, 
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the resulting polymeric material is a blend of copolymers with different compositions and 
microstructures. One way to overcome this problem is to continuously add the monomers to 
the polymerization solution at the rates at which they are consumed by the polymerization. 
In this chapter the copolymerization of maleic and itaconic acids anhydrides with 
fluorinated metacrylates is described. The kinetics of the polymerization was studied and 
copolymers were obtained by free radical polymerization. To achieve homogeneous 
compositions of the copolymers the continuous addition polymerization technique was 
applied. In order to improve the properties of the resulting copolymers in terms of solubility 
in environmentally friendly solvents and introduce crosslinkability, the “grafting onto” 
transformations of anhydride units in the copolymers was accomplished. Another 
interesting polymer analog modification of MAH containing fluoropolymers from practical 
view point is a reversible reaction with alcohols. The literature [16] reports reversible 
esterification of  styrene maleic anhydride copolymer (SMA) and significant decrease of 
chemical equilibrium constant with increase of  temperature. The studies [17, 18] report the 
thermo reversible crosslinking of maleated ethylene/propylene copolymers using diols as 
well as amino alhohols and development of new materials which  can be reprocessed via 
compression molding at 175 °C. In the present study the possibilities of a covalent 
crosslinking as well as reversible crosslinking of the polymers on the surface are also 
discussed. Thermal properties of the synthesized polymers were investigated with 
differential scanning calorimetry and thermogravimetric analysis. 
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3.2 Experimental 
 
Methods 
1H-NMR spectra were measured in CDCl3/Freon-113 with a Bruker DRX 400 spectrometer 
at 400 MHz.  Chemical shifts refer to the signal at 7.24 ppm. 
IR spectra were performed using KBr pellets on FT-IR NEXUS 470 (Thermo 
Nicolet, Offenbach) spectrometer with spectral resolution of 4 cm -1. Pure KBr was taken as 
baseline. 
Raman spectra were run on a FT- Raman Spectrometer RFS 100/s (Bruker Optic, 
Ettlingen) using Neodym YAG 1064 nm laser with 200 mW, 1000 scans, with spectral 
resolution 4 cm-1.  
Size exclusion chromatography (SEC) analysis was carried out at 30 °C using a high-
performance liquid chromatography pump (ERC HPLC 6420) and a refractive index (RI) 
detector (Jasco RI-2031plus). The eluting solvent was THF with 2,6-di-tert-butyl-4-
methylphenol (BHT) and a flow rate of 1 mL•min-1. Five columns with MZ gel (MZ SDplus) 
were applied. The length of the first column was 50 mm and 300 mm for the other four 
columns. The diameter of each column was 8 mm, the diameter of the gel particles 5 mm, and 
the nominal pore widths were 50, 50, 100, 1000, and 10000 Å, respectively. Calibration was 
achieved using narrow distributed poly(methyl methacrylate) standards (MZ-Analysentechnik 
Gmbh Mainz). 
Thermogravimetric analysis (TGA) was conducted with the help of a NETZSCH TG 
209 C system. Decomposition temperatures Td were taken at a temperature at which 5% 
mass loss was detected. Data were processed with a NETZSCH Proteus Analysis program.  
Differential scanning calorimetry (DSC) was performed with a NETZSCH DSC 204 
differential scanning calorimeter. The DSC measurements were carried out using open DSC 
pans. The samples were heated at a rate of 10 K/min (second heating run was used).  
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Elemental analysis was performed by Dr. A. Buyanovskaya from the Institute of 
Organo Element Compounds, Moscow, Russia 
XRD measurements were performed at the DUBBLE BM26B beamline of the 
European Synchrotron Radiation Facility (ESRF), Grenoble, France [19]. A wavelength of 
1.5 Å was used. The diffraction patterns on oriented samples were collected at room 
temperature in transmission geometry using Frelon CCD camera with a pixel size of 98 
µm×98 µm. The modulus of the scattering vector, s (s = 2sinθ/λ, where θ is the Bragg angle 
and λ the wavelength), was calibrated using several orders of silver behenate. The fibers for 
WAXS experiments were prepared by drawing from the melt on hot substrate. One-
dimensional PSD spectra were obtained by radial integration of 2D patterns using home-made 
software. 
A Harvard Apparatus syringe pump (Pump 11) was used for the constant monomer 
addition. 
MS Excel and Origin 7.5 were used for fitting of experimental data points. 
 
Materials 
 
1H,1H,2H,2H-perfluorodecyl methacrylate 98% (ABCR) was washed with 5% of sodium 
hydroxide, dried overnight with CaH2 distilled at 10 mbar and 84 °C and stored over 4 Å 
molecular sieves under argon. Maleic and itaconic anhydride (MAH, 99%, Aldrich; ITA, 
97%, Aldrich) were sublimed at 3 * 10 -3 mbar and 40-50 °C. 2-butanone (MEK, 99.5% 
Merck) was stirred over night with CaH2, distilled and stored over 4 Å molecular sieves 
under argon. 2,2’ –Azobisisobutyronitrile (AIBN, 98%, Merk) was recrystallized twice 
from methanol at r.t.. 2-hydroxyethyl methacrylate (HEMA, 99%, Aldrich), Jeffamine M-
1000 (Huntsman), Jeffamine M-600 (Huntsman) and poly (ethylene glycol) methacrylate 
(Mn =526, Aldrich) were flashed over neutral silica gel. 1,1,2-Trichlorotrifluoroethane 
(Freon 113, 99.8%, Aldrich), 1,3 –bis(trifluoromethyl)benzene (HFX, 98%, ABCR), 
Copolymers of Fluorinated Methacrylates with Maleic and Itaconic Anhydrides 
_________________________________________________________________________________________________________________ 
 
 37
methanol (99.8%, Aldrich), 2-Amino-2-hydroxymethyl-1,3-propandiol (99.8 %, Fluka), 
ethylene glycol (99.8%, Aldrich), 3-(dimethylamino)-1-propylamine (99%, Aldrich), 
allylamine (98%, Aldrich), 3-Amino-1,2-propandiol (97% Aldrich), and 
triethylamine (TEA, 99%, Aldrich) were used as received. Photoinitiator: IRGACURE 819; 
Phosphine oxide, phenyl bis (2,4,6-trimethyl benzoyl); (Ciba) with UV/VIS absorption 
peaks at 295 nm and at 370 nm was used as received. 
 
 
Determination of copolymerization parameters at low conversion 
polymerization for MAH and ITA with perfluorodecyl methacrylate 
 
General procedure for P[MAH-co-FMA] copolymers 
25 mL of 11.25 mmol of MAH and 11.25 mmol of FMA mixture in MEK/HFX (1:1) was 
prepared in a 50 mL two-necked round bottomed flask equipped with argon inlet, reflux 
condenser, oil bubbler as argon outlet, magnetic stirring bar and rubber septum. 5 mL of 
0.45 mmol (2 mol %) AIBN solution in MEK/HFX (1:1) was placed into 25 mL two-
necked flask. The reaction mixture and AIBN solution were degassed by using freeze-thaw 
cycles and filled with argon. Afterwards, the monomer solution was heated to 60°C and 5 
mL of AIBN solution was then injected to start the polymerization. The samples were taken 
within an hour, precipitated with cold methanol, centrifuged and dried. The conversion of 
the every sample was determined by gravimetrical method. The polymer compositions at 
the conversions below 5 % were determined by 1H-NMR spectroscopy. The data on time 
conversion dependences and reaction conditions for all monomer compositions are 
summarized in the Table 3.1 and Table 3.2. 
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Table 3.1: Data on amount of monomers, initiators, yields and reaction conditions of P[MAH-co-FMA] 
copolymers. 
Sample 
code 
nMAH 
[mmol] 
nFMA 
[mmol] 
V 
 [mL] 
nAIBN 
[mmol] 
Temp. 
 [°C] 
Time 
[min] 
Yield 
[%] 
CAP7 5.625 16.875 25 0.45 60 50 13.87 
CAP14 11.250 11.250 25 0.45 60 60 12.43 
CAP22 29.700 11.550 55 0.9 60 60 8.38 
CAP24 30.940 10.312 55 0.9 60 60 8.14 
CAP29 34.650 6.600 55 0.9 60 100 13.46 
 
Table 3.2: Data on conversion determination using gravimetrical method of P[MAH-co-FMA] copolymers. 
Time 
[min] 
CAP7 
Conv. 
[%] 
CAP14 
Conv. 
[%] 
CAP 22 
Conv. 
[%] 
CAP24 
Conv. 
[%] 
CAP29 
Conv. 
[%] 
10 2.01 0.48 - - - 
12 - - 1.38 1.09 - 
15 - - - - - 
17 - - - - 1.48 
20 5.22 - - - - 
24 - - 3.41 3.23 - 
30 8.40 5.69 - - - 
36 - - 5.22 5.12 - 
40 11.27 - - - - 
43 - - - - 6.32 
45 - 9.86 - - - 
48 - - 7.05 7.09 - 
50 13.86 - - - - 
60 - 12.43 8.38 8.14 - 
67 - - - - 10.38 
100 - - - - 13.46 
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General procedure forP[ITA-co-FMA] copolymers 
10 mL of 2.25 mmol of ITA and 20.25 mmol of FMA mixture in MEK/HFX (1:1) was 
prepared in 50 mL two-necked round bottomed flask equipped with argon inlet, reflux 
condenser, oil bubbler as argon outlet, magnetic stirring bar and rubber septum. 5 mL of 
0.45 mmol (2 mol %) AIBN solution in MEK/HFX (1:1) was placed into a 25 mL two-
necked flask. The reaction mixture and AIBN solution were degassed by using freeze-thaw 
cycles and filled with argon. Afterwards, the monomer solution was heated to 60°C and 5 
mL of AIBN solution was then injected to start the polymerization. The samples were taken 
within an hour, precipitated with cold methanol, centrifuged and dried. The conversion of 
the every sample was determined by gravimetrical method. The polymer compositions at 
the conversions below 5 % were determined by 1H NMR spectroscopy. The data on time 
conversion dependences and reaction conditions for all monomer compositions are 
summarized in the Table 3.3 and Table 3.4. 
Table 3.3: Data on amount of monomers, initiators, yields and reaction conditions of P[ITA-co-FMA] 
copolymers. 
Sample 
code 
nITA 
[mmol] 
nFMA 
[mmol] 
V 
 [mL] 
nAIBN 
[mmol] 
Temp. 
 [°C] 
Time 
[min] 
Yield 
[%] 
ITA15 2.250 20.250 25 0.45 60 45 9.30 
ITA24 3.375 19.125 25 0.45 60 45 8.45 
ITA32 4.500 18.000 25 0.45 60 45 6.75 
 
Table 3.4: Data on conversion determination using gravimetrical method of P[ITA-co-FMA] copolymers. 
Time 
[min] 
ITA 15 
Conv. 
[%] 
ITA 24 
Conv. 
[%] 
ITA 32 
Conv. 
[%] 
15 1.18 1.69 0.14 
30 4.80 5,17 2.82 
45 9.30 8.45 6.75 
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Preparative polymerization at constant monomer composition 
 
Typical procedure for P[MAH-co-FMA] copolymers  
In a 100 mL three-necked flask fitted with argon-inlet and rubber seal a mixture of 11.25 
mmol of MAH and 11.25 mmol of FMA was dissolved in 25 mL of 2-butanone/HFX (1:1). 
The solution was degassed by repeated freeze-pump-thaw cycles.  After injection of 5 mL 
AIBN degassed solution, a degassed solution of monomers was continuously added with the 
help of a syringe pump at 60°C. The polymer was precipitated into cold methanol, washed 
and dried after complete addition of the monomers. The data on the preparation of P[MAH-
co-FMA] copolymers are presented in (Table 3.5) and (Table 3.6). 
Yield: 99.5%; white powder; 1H-NMR: 1.17 (3H, s, C-CH3); 2.54 (2H, s, -O-CH2-CH2-); 
4.36 (2H, s, -O-CH2-CH2-); 
13C-NMR: 19.1 (-CH3 methacrylate); 32.0 (-O-CH2-CH2-); 46.9 
(C-C=O); 59.0 (-O-CH2-CH2-); 107-120 (fluorinated carbon region); 173.7 (-C=O 
anhydride); 177.8 (-C=O ester); IR (film on KBr, in ν cm -1): 2989 (ν C-H aliphatic); 1859 
(ν C=O anhydride); 1785 (ν C=O anhydride); 1735 (ν  C=O ester); 1475 (σ C-H aliphatic); 
1334 (ν CF3-CF2-); 1244 (ν C-F aliphatic); 1203(ν C-F aliphatic); 1116 (ν C-O-C). 
 
Table 3.5:Data on stock and feed solutions as well as addition rate and time and for preparative 
polymerization at constant monomer composition of P[MAH-co-FMA] copolymers. 
Sample 
code 
nMAH 
Stock 
[mmol] 
nFMA 
Stock 
[mmol] 
V 
Stock 
[mL] 
nMAH 
Feed 
[mmol] 
nFMA 
Feed 
[mmol] 
V 
Feed
[mL] 
Add. 
Rate 
[mL/min] 
Add. 
Time 
[h] 
Yield 
[%] 
CAP7 5.625 16.875 25 0.48 6.360 10 0.08333 2 100 
CAP14 11.250 11.250 25 0.91 5.589 10 0.05555 3 99.5 
CAP22 29.700 11.550 55 23.66 83.870 100 0.03472 48 98.5 
CAP24 30.940 10.312 55 23.40 74.092 100 0.03472 48 99.7 
CAP24a 16.875 5.625 25 2.66 8.420 10 0.01666 10 98.2 
CAP29 34.650 6.600 55 20.46 50.080 100 0.03472 48 99.6 
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Table 3.6: Data on AIBN initiating and feed solutions as well as addition rate and time and for preparative 
polymerization at constant monomer composition of P[MAH-co-FMA] copolymers. 
Sample 
code 
nAIBN 
Initiate 
[mmol] 
V 
Initiate 
[mL] 
nAIBN 
Feed 
[mmol] 
V 
Feed 
[mL] 
AIBNAdd 
Rate 
[mL/h] 
Add. 
time 
[h] 
CAP7 0.45 5 - - - - 
CAP14 0.45 5 - - - - 
CAP22 0.825 5 1.2240 5 0.10416 48 
CAP24 0.825 5 1.2240 5 0.10416 48 
CAP24a 0.45 5 0.1665 5 0.50000 10 
CAP29 0.825 5 1.2240 5 0.10416 48 
 
Typical procedure for P[ITA-co-FMA] copolymers  
In a 100 mL three-necked flask fitted with argon-inlet and rubber seal a mixture of 2.25 
mmol of ITA and 20.25 mmol of FMA was prepared in 10 mL of 2-butanone/HFX (1:1). 
The solution was degassed by repeated freeze-pump-thaw cycles.  After injection of 5 mL 
AIBN degassed solution, degassed solution of monomers was continuously added with the 
help of a syringe pump at 60°C. The polymer was precipitated into cold methanol, washed 
and dried after complete addition of the monomers. The data on the preparation of P[ITA-
co-FMA] copolymers are summarized in (Table 3.7) and (Table 3.8). 
Yield: 98.4 %; white powder; 1H-NMR: 1.14 (3H, s, -C-CH3 backbone); 2.67 (2H, s, -O-
CH2-CH2-); 2.9 (2H, s,-CH2- anhydride); 4.33 (2H, s, -O-CH2-CH2-); 
13C-NMR: 31.3 (-O-
CH2-CH2-); 46.7 (C-C=O); 49.8 (-CH2- anhydride); 59.4 (-O-CH2-CH2-); 107-125 
(fluorinated carbon region); 170.1 (-C=O anhydride); 177.1 (-C=O ester); FT-IR Raman 
(cm -1): 2964 (ν C-H aliphatic); 1864 (ν C=O anhydride); 1785 (ν C=O anhydride); 1732 (ν 
C=O ester); 726 (σ CF3-CF2-); 384; 305 (def. C-F). 
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Table 3.7: Data on stock and feed solutions as well as addition rate and time and for preparative 
polymerization at constant monomer composition of P[ITA-co-FMA] copolymers. 
Sample 
code 
nITA 
Stock 
[mmol] 
nFMA 
Stock 
[mmol] 
V 
Stock 
[mL] 
nITA 
Feed 
[mmol] 
nFMA 
Feed 
[mmol] 
V 
Feed
[mL] 
Add. 
Rate 
[mL/min] 
Add. 
Time 
[h] 
Yield 
[%] 
ITA15 1.125 21.375 5 1.124   6.38 10 0.05555 3 99.3 
ITA24 2.250 20.250 10 4.970 15.74  20 0.06666 5 98.4 
ITA32 3.375 19.125 10 5.380 12.55 20 0.06666 5 97.6 
 
Table 3.8: Data on AIBN initiating and feed solutions as well as addition rate and time and for preparative 
polymerization at constant monomer composition of P[ITA-co-FMA] copolymers. 
Samplec
ode 
nAIBN 
Initiate 
[mmol] 
V 
Initiate 
[mL] 
nAIBN 
Feed 
[mmol] 
V 
Feed 
[mL] 
AIBNAdd 
Rate 
[mL/h] 
Add. 
time 
[h] 
ITA15 0.225 2.5 - - - - 
ITA24 0.45 5 - - - - 
ITA32 0.45 5 - - - - 
 
 
Grafting of allylamine onto P[MAH-co-FMA] copolymers  
(CAP24-Allylam) 
 
A 25 mL flask was charged with 500 mg P[MAH-co-FMA] copolymer (containing 24 
mol% of MAH units) in 7 mL of HFX. After several minutes 75 mg of allylamine in 3 mL 
of MEK solution were added and the mixture was stirred at room temperature overnight. 
The resulting polymer was precipitated into heptane and centrifuged. The unreacted 
allylamine was washed out by dialysis and water was removed using freeze drying 
technique. 
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Yield:  85.4%; slightly yellowish powder;  1H-NMR: 1.21 (3H, br s, -C-CH3 backbone); 
2.57 (2H, br s, -O-CH2-CH2-), 4.35 (2H, br s, -O-CH2-CH2-); 5.25 (2H,br s, =CH2); 5.91 (H, 
br s, =CH); IR (KBr, ν in cm -1): 2993 (ν C-H aliphatic); 1737 (ν C=O ester); 1646 (ν C=O 
amide I). Modification degree is 86 %. 
 
After heating at 80°C overnight on a KBr pellet: 
IR (KBr, ν in cm -1): 2993 (ν C-H aliphatic); small peaks at 1859 (ν C=O anhydride); 1784 
(ν C=O anhydride); 1735 (ν C=O ester); slight shoulder at 1709 (ν C=O imide). 
 
After heating at 100°C for 3 h on a KBr pellet: 
IR (KBr, ν in cm -1): 2993 (ν C-H aliphatic); small peaks at 1859 (ν C=O anhydride); 1783 
(ν C=O anhydride); 1736 (ν C=O ester); strong peak at 1709 (ν C=O imide) 
 
Grafting of HEMA onto P[MAH-co-FMA] copolymers 
(CAP24-HEMA) 
 
A 25 mL flask was charged with 500 mg P[MAH-co-FMA] copolymer (containing 24 
mol% of MAH units) in 7 mL of Freon 113. Afterwards, 340 mg of 2-hydroxyethyl 
methacrylate and 264 mg of triethylamine in 3 mL of MEK solution were added and the 
mixture was stirred at room temperature for 48 h. The resulting polymer was precipitated 
into heptane and centrifuged. The unreacted HEMA and TEA were washed out by dialysis 
and water was removed with a help of freeze drying procedure.  
Yield: 88.5%; white powder; 1H-NMR: 2.02 (3H, br s, -CH-CH3 methacrylate); 2.57 (2H, 
br s, -O-CH2-CH2-); 3.22 ( 4H, s, O-CH2-); 4.38 (2H, br s, -O-CH2-CH2-); 5.66 (H, s,-
C=CH trans); 6.24 (H,s,-C=CH cis); FT-IR Raman (cm -1): 3108 (ν  =C-H); 1725 (ν  C=O 
ester); 1640 (ν  C=C aliphatic). Modification degree is 63 %. 
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Grafting of poly(ethylene glycol) methacrylate onto P[MAH-co-FMA] 
copolymers  (CAP24-PEO-MA) 
 
A 25 mL flask was charged with 500 mg P[MAH-co-FMA] copolymer (containing 24 
mol% of MAH units) in 7 mL of HFX. After several minutes an excess of poly(ethylene 
glycol)  mono methacrylate (Mn = 526 g/mol) with 10 mg of (2,6-di-tert-butyl-4-
methylphenol) as inhibitor dissolved in 3 mL of MEK were added and the mixture was 
stirred at 80°C for 48h. The modified polymer was precipitated into methanol, washed 
several times, centrifuged and dried. The purification was done by dialysis in water with 
subsequent freeze drying. 
Yield: 58.5 % with 3 mol% of MAH units conversion CDCl3,
1H-NMR: 1.21 (3H, br s, -CH-
CH3 backbone); 2.57 (2H, br s, -O-CH2-CH2-); 3.71 (40H, s, O-CH2-); 4.38 (2H, br s, -O-
CH2-CH2-); 5.59 (H, s,-C=CH trans); 6.2 (H,s,-C=CH cis); IR (KBr, ν in cm 
-1): 2991 (ν C-
H aliphatic); 1858 (ν  C=O anhydride); 1786 (ν  C=O anhydride);   1735 (ν  C=O ester); FT-
IR Raman (cm -1): 1642 (ν C=C aliphatic). 
 
 
Reversible reaction of methanol with P[MAH-co-FMA] copolymers 
(CAP24-OMe) 
 
A 25 mL flask was charged with 200 mg P[MAH-co-FMA] copolymer (containing 24 
mol% of MAH units) in 3 mL of Freon 113. Afterwards an excess of methanol and roughly 
the same amount of TEA were added as long as the mixture remains transparent. The 
reaction was held at room temperature overnight. The resulting polymer was precipitated 
into heptane, centrifuged and dried.  
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Yield: 95 %; 1H-NMR: 1.17 (3H, s, -CH-CH3); 2.54 (2H, s, -O-CH2-CH2-); 3.66 (3H, s, -C-
OCH3 ester); 4.36 (2H, s, -O-CH2-CH2-); IR (film on KBr, ν in cm 
-1): 2992 (ν C-H 
methylene); 2960 (ν C-H methyl); 1735 (ν  C=O ester); 1475 (σ C-H aliphatic);  1334 (ν 
CF3-CF2-); 1244 (ν C-F aliphatic); 1203(ν C-F aliphatic);  1116 (ν C-O-C); 741 (σ CF3-
CF2). 
The obtained polymer was annealed at 120°C for an hour on a KBr pellet and methanol 
ester moieties of the polymer were collapsed giving P[MAH-co-FMA] copolymer back. 
1H-NMR: 1.17 (3H, s, -CH-CH3); 2.54 (2H, s, -O-CH2-CH2-); 4.36 (2H, s, -O-CH2-CH2-); 
IR (film on KBr, ν in cm -1): 2989 (ν C-H aliphatic); 1859 (ν C=O anhydride); 1785 (ν C=O 
anhydride); 1735 (ν  C=O ester); 1475 (σ C-H aliphatic); 1334 (ν CF3-CF2-); 1244 (ν C-F 
aliphatic); 1203 (ν C-F aliphatic);  1116 (ν C-O-C); 741 (σ CF3-CF2-). 
 
 
Reversible reaction of methanol with P[ITA-co-FMA] copolymers 
(ITA32-OMe) 
 
A 25 mL flask was charged with 200 mg P[MAH-co-FMA]copolymer (containing 32 mol% 
of ITA units) in 3 mL of Freon 113. Afterwards an excess of methanol and roughly the 
same amount of TEA were added until the mixture remains transparent. The reaction was 
held at room temperature overnight. The resulting polymer was precipitated into heptane, 
centrifuged and dried.  
Yield: 93 %; 1H-NMR: 1.17 (3H, s, -CH-CH3); 2.55 (2H, s, -O-CH2-CH2-); 3.63 (3H, s, -C-
OCH3 ester); 4.32 (2H, s, -O-CH2-CH2-); IR (film on KBr, ν in cm 
-1): 2964 (ν C-H methyl); 
1744 (ν  C=O ester); 1245 (ν C-F aliphatic); 1206 (ν C-F aliphatic); 1117 (ν C-O-C); 738 (σ 
CF3-CF2-); FT-IR Raman (cm 
-1): 2962 (ν C-H methyl); 1734 (ν  C=O ester); 726 (σ CF3-
CF2-); 384; 305 (def. C-F). 
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The obtained polymer was annealed at 160°C for half an hour on a KBr pellet to bring 
P[ITA-co-FMA] copolymer back. 
IR (film on KBr, ν in cm -1): 2996 (ν C-H methylene); 1867 (ν C=O anhydride); 1790 (ν 
C=O anhydride); 1739 (ν C=O ester); 1245 (ν C-F aliphatic); 1206 (ν C-F aliphatic); 1116 
(ν C-O-C); 739 (σ CF3-CF2-). 
 
Grafting of 3-amino-1,2-propandiol onto P[MAH-co-FMA]copolymers 
(CAP22-(OH)2) 
 
A 25 mL flask was filled with 300 mg of P[MAH-co-FMA]copolymer (containing 22 mol% 
of MAH units) in 7 mL of HFX. Then 63 mg of 3-Amino-1,2-propandiol dissolved in 3 mL 
of DMSO were added and the mixture was stirred at r.t. for 48h. The reaction mixture 
became turbid. The product was precipitated with methanol, filtered and dried. The product 
as a white powder could not be dissolved in acetone, CHCl3, DMSO, water. 
Yield: 95 %; IR (KBr cm -1): 2990(ν C-H aliphatic); 1732 (ν  C=O fluorinated ester); 1706 
(shoulder ν  C=O acid); 1643 (ν  C=O amide I); 1586 (ν  COO-). 
 
 
Grafting of 2-Amino-2-hydroxymethyl-1,3-propandiol onto 
P[MAH-co-FMA]copolymers (CAP22-(OH)3) 
 
A 25 mL flask was filled with 500 mg of P[MAH-co-FMA]copolymer (containing 22 mol% 
of MAH units) in 7 mL of HFX. Then 136 mg of 2-Amino-2-hydroxymethyl-1,3-propandiol 
dissolved in 3 mL of DMSO were added and the mixture was stirred at 120 °C overnight. 
The solvents were removed by rotary evaporator and the polymer was purified by dialysis 
using 6000- 8000 Da membranes with subsequent freeze drying to remove water. 
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Yield: 82 %; 1H-NMR: 1.10 (s, -CH-CH3); 2.69 (s, -O-CH2-CH2-); 3.42 (s, -CH2-OH);  
4.35 (2H, s, -O-CH2-CH2-). IR (KBr cm 
-1): 2995 (ν C-H aliphatic), 1733 (ν  C=O 
fluorinated ester), 1702 (ν  C=O imide). 
 
 
Grafting of Jeffamine M -600 onto P[MAH-co-FMA]copolymers 
(CAP24-JM600), (CAP29-JM600) 
 
500 mg of P[MAH-co-FMA]copolymer (containing 29 mol% of MAH units) were 
dissolved in 7 mL of HFX in 25 mL flask. Then 500 mg of Jeffamine M – 600 was added in 
7 mL of MEK. The reaction mixture was refluxed for 24 h. Solvents were removed in 
vacuum and resulting polymer was purified by means of dialysis in water using 6000- 8000 
Da membranes with subsequent freeze drying to remove water (Table 3. 9). 
Yeld: 88 %; 1H-NMR: 1.10 (27H, s, -CH-CH3); 2.66 (2H, s, -O-CH2-CH2-); 3.30 (3H, s, O-
CH3); 3.55 ( 18H, s, O-CH2-CH-); 4.35 (2H, s, -O-CH2-CH2-); 
13C-NMR: 17.79 (-CH-CH3); 
76.05 (-O-CH2-CH2-); IR (KBr cm 
-1): 3438 (broad, ν O-H carboxylic, water), 2979(ν C-H 
methyl), 2935 (ν C-H aliphatic), 1782 (ν  C=O anhydride), 1737 (ν  C=O fluorinated ester), 
1705 (ν  C=O imide), 1609 (ν  C=O amide I), 1542 (ν  C=O amide II) 1476 (σ C-H 
aliphatic), 1116 (ν C-O-C). 
 
Table 3. 9: Experimental data on grafting of Jeffamine M-600 onto P[MAH-co-FMA] copolymers. 
Code mMAH-co-FMA 
[mg] 
mJeffam-M 1000 
[mg] 
VHFX 
[mL] 
VMEK 
[mL] 
T, 
[ºC] 
t, 
[h] 
Yield 
[%] 
DM 
[%] 
CAP24-JM600 300 201 7 7 80 24 88 100 
CAP29-JM600 500 502 7 7 80 24 84 100 
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Grafting of Jeffamine M -1000 onto P[MAH-co-FMA]copolymers 
(CAP29-0.5JM1000), (CAP29-0.75JM1000), (CAP29-1.0JM1000), 
(CAP29-JM1000), (CAP24-JM1000), (CAP22-JM1000) 
 
500 mg of P[MAH-co-FMA]copolymer (containing 29 mol% of MAH units) were 
dissolved in 7 mL of HFX in 25 mL flask. Then 560 mg of Jeffamine M – 1000 was added 
in 7 mL of MEK. The reaction mixture was refluxed for 24 h. Solvents were removed in 
vacuum and resulting polymer was purified by means of dialysis in water using 6000- 8000 
Da membranes with subsequent freeze drying to remove water (Table 3. 10). 
Yield (CAP29-1.0 JM1000): 91%; Yield (CAP29-JM1000): 82%; Yield (CAP24-JM1000): 
87%; Yield (CAP22-JM1000): 89%; Yield (CAP29-0.5JM1000): 90%; Yield (CAP29-
0.75JM1000): 85%; 1H-NMR: 1.15 (9H, s, -CH-CH3); 2.66 (2H, s, -O-CH2-CH2-); 3.29 
(3H, s, O-CH3); 3.59 ( 76H, s, -CH2-); 4.33 (2H, s, -O-CH2-CH2-); 
13C-NMR:  58.83 (O-
CH3); 71.23 (-O-CH2-CH2-); IR (KBr cm 
-1): 3432 (broad, ν O-H carboxylic, water); 2876 
(ν C-H aliphatic); 1735 (ν  C=O fluorinated ester); 1702 (ν  C=O imide); 1600 (ν  C=O 
amide); 1473 (σ C-H aliphatic); 1116 (ν C-O-C). 
 
Table 3. 10: Experimental data on grafting of Jeffamine M-1000 onto P[MAH-co-FMA] copolymers. 
Code mMAH-co-FMA 
[mg] 
mJeffam-M 1000 
[mg] 
VHFX 
[mL] 
VMEK 
[mL] 
T, 
[ºC] 
t, 
[h] 
Yield 
[%] 
DM 
[%] 
CAP29-JM1000 25000 21000 250 200 60 48 75 100 
CAP29-JM1000 500 560 7 7 80 24 82 100 
CAP29-1.0 JM1000 500 357 7 7 80 24 91 88 
CAP29-0.75 JM1000 500 268 7 7 80 24 85 65 
CAP29-0.5 JM1000 500 179 7 7 80 24 90 41 
CAP24-JM1000 25000 17000 250 200 50 48 87 100 
CAP22-JM1000 25000 14000 250 100 50 48 89 100 
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Grafting of PEO monomethyl ether onto MAH-co-FMA 
(CAP29-PEO, TEA), (CAP29-PEO, Ti(OEt)4) 
 
500 mg of P[MAH-co-FMA]copolymer (containing 29 mol% of MAH units) were 
dissolved in 7 ml HFX and transferred into 25 ml two necked round bottomed flask,  
a) then an excess of (PEO 750) 500 mg (0,667 mmol) with 100 mg (0,99 mmol) of TEA in 
7 ml of MEK was added. The reaction proceeded at room temperature for 7 days. Solvents 
were removed in vacuum and resulting polymer was purified by means of dialysis in water 
using 6000- 8000 Da membranes with subsequent freeze drying to remove water (Table 3. 
11). 
 
Table 3. 11: Experimental data on grafting of PEO 750 onto P[MAH-co-FMA] copolymers using TEA and 
titanium(IV) ethoxide as catalysts. 
Code mMAH-
co-FMA 
[mg] 
mPEO 
750 
[mg] 
mTEA 
[mg] 
mTi(OEt)4 
[mg] 
VHFX 
[mL] 
VMEK 
[mL] 
T, 
[ºC] 
t, 
[h] 
Yield 
[%] 
DM 
[%] 
CAP29-
PEO,TEA 
500 500 100 - 7 7 r.t. 168 93 18 
CAP29-PEO, 
Ti(OEt)4 
500 500 - 250 7 7 r.t. 168 95 14 
 
b) then an excess of (PEO 750) 500 mg (0,667 mmol) with 250 mg (1,096 mmol) of 
Ti(OEt)4 in 7 ml of MEK was added. The reaction proceeded at room temperature for 7 
days. Solvents were removed in vacuum and resulting polymer was purified by means of 
dialysis in water using 6000- 8000 Da membranes with subsequent freeze drying 
afterwards. 
a) Yield: 93 %; 1H-NMR: 1.14 (9H, s, -CH-CH3); 2.64 (2H, s, -O-CH2-CH2-); 3.27 (3H, s, 
O-CH3); 3.57 ( 68 H, s, -CH2-); 4.32 (2H, s, -O-CH2-CH2-); 
13C-NMR: 58.46 (O-CH3); 
70.88 (-O-CH2-CH2-). 
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IR (KBr cm -1): 3438 (broad, ν O-H carboxylic, water); 2874 (ν C-H aliphatic, PEO); 2739; 
2677 (ν C-H aliphatic, +NH(Et)3 ); 1782 (ν  C=O anhydride), 1735 (ν  C=O fluorinated 
ester), 1600 (broad, ν COO-);1470 (σ C-H aliphatic, PEO), 1335 (ν CF3-CF2-); 1244 (ν C-F 
aliphatic); 1206 (ν C-F aliphatic);  1116 (ν C-O-C); 737 (σ CF3-CF2-). 
 
b) Yield: 95 %; 1H-NMR: 1.15 (9H, s, -CH-CH3); 2.65 (2H, s, -O-CH2-CH2-); 3.28 (3H, s, 
O-CH3); 3.58 ( 68 H, s, -CH2-); 4.32 (2H, s, -O-CH2-CH2-). 
IR (KBr cm -1): 3431 (broad, ν O-H carboxylic, water); 2872(ν C-H aliphatic, PEO); 1786 
(ν  C=O anhydride), 1737 (ν  C=O fluorinated ester), 1612 (broad, ν COO-); 1459 (σ C-H 
aliphatic, PEO), 1350 (ν CF3-CF2-); 1247 (ν C-F aliphatic); 1208 (ν C-F aliphatic); 1115 (ν 
C-O-C); 738 (σ CF3-CF2-). 
 
 
3.3 Results and Discussion 
 
Determination of the copolymerization parameters 
 
To determine the copolymerization parameters rMAH, rFMA for P[MAH-co-FMA] and rITA, 
rFMA for P[ITA-co-MAH], four (for MAH-co-FMA) and three (for ITA-co-FMA)  different 
monomer mixtures  were copolymerized to low conversions (< 10% see. Scheme 3.1 and 
Scheme 3.2) and the resulting copolymer compositions were determined by 1H-NMR 
spectroscopy and elemental analysis (Table 3.12). 
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Scheme 3.1: Copolymerization of maleic anhydride (MAH) and perfluorooctyl methacrylate (FMA). 
 
The 1H-NMR and 13C-NMR spectra of a typical P[MAH-co-FMA]copolymer are depicted 
in Figure 3.1, and Figure 3.2.  Due to the low mobility of groups that are directly attached to 
the polymers backbone the protons of the anhydride units are strongly broadened, and 
effectively become invisible in the 1H-NMR spectrum. 
 
Table 3.12: Feedstock composition and amount of MAH in the copolymer determined by 1H-NMR 
spectroscopy and elemental analysis at conversions  below 5 % of all samples. 
Sample  
code 
fMAH 
[mol%] 
fFMA 
[mol%] 
FMAH 
1H-NMR 
[mol%] 
Fluorinepolymer 
EA calc. from  
1H-NMR 
[wt-%] 
Fluorinepolymer 
EA found  
[wt-%] 
CAP7 25 75 7 59.86 59.93 
CAP14 50 50 14 58.92 58.97 
CAP24 75 25 24 57.35  57.78 
CAP29 84 16 29 56.44 56.24 
 
Chapter 3 
_________________________________________________________________________________________________________________ 
 
 52
1.02.03.04.05.06.07.0 δ (ppm)  
Figure 3.1: 400 MHz 1H-NMR spectrum of P[MAH-co-FMA]copolymer measured in Freon 113 with (# -
solvent peak of CDCl3), (*- H2O). 
050100150200
 
 
170.0175.0180.0185.0
35.040.045.050.055.060.065.070.0
29.030.031.032.033.0
15.020.025.0
 δ (ppm)  
Figure 3.2: 400 MHz 13C-NMR spectrum of P[MAH-co-FMA]copolymer measured in Freon 113 with (# -
solvent peak of acetone-d6). 
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In order to determine the copolymer composition by means of quantitative 1H-NMR 
spectral analysis, the anhydride moieties of the polymer were mono-esterified with 
methanol to generate a very distinctive signal of three protons in the 1H-NMR spectrum at 
3.7 ppm for every methanolysed anhydride unit (Figure 3.4). The copolymer compositions 
were determined by integration of the peak areas of methyl protons which belong to the 
methylether units and one of the peaks originating from spacer -CH2- groups (the signal 
„a“ at δ = 4.36 ppm in Figure 3.4). Polymeric nature of the obtained compounds can only be 
assumed due to the broad proton signals in the 1H-NMR spectra which are characteristic for 
polymeric substances. No GPC data are available for the fluorinated binary copolymers due 
to their poor solubility in organic solvents and the lack of possibility to measure GPC in 
perfluorinated solvents. Hence, the GPC characterization was possible with the modified 
fluoropolymers, which became soluble in conventional organic solvents (the GPC data is 
described below). 
 Attempts to perform MALDI-TOF measurements of the binary fluoropolymers in a 
variety of matrices resulted in mass signals only in the area of about 2 kg/mol (Figure 3.3). 
The data coincide with the data of reference [20], where the influence of polydispersity of 
synthetic polymers on MALDI-TOF measurement data is discussed. The MALDI-TOF 
measurements of PMMA samples with broad molecular weight distribution was completely 
out of range. In spite of an expected molar mass of 33 kg/mol and polydispersity of 2.5 
(determined by SEC), in MALDI-TOF only low molar mass fraction was detected giving an 
Mp value of 2.2 kg/mol.  
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Figure 3.3: MALDI-TOF measurement data of CAP29 using sinapic acid as a matrix. 
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Figure 3.4: 400 MHz 1H-NMR spectrum of P[MAH-co-FMA]copolymer esterified with methanol measured 
in Freon 113 with (# - solvent peak of CDCl3), (*- H2O). 
 
The terminal model copolymerization equation (3.1) was used for copolymerization 
parameters determination of MAH and FMA, where fn is the molar fraction of monomer n 
in the feed and Fn the molar fraction of monomer n in the polymer. 
 
FMA
2
FMAFMA
2
FMA
2
2 frfffr
fffr
F
MAHMAHMAH
MAHMAHMAH
MAH
⋅+⋅⋅+⋅
⋅+⋅
=   (3.1) 
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Figure 3.5: Copolymerization diagram for P[MAH-co-FMA]copolymers methacrylate fitted using Mayo-
Lewis equation and Origin 7.5 program. 
 
The copolymerization diagram containing experimentally determined composition point as 
well as the fitted with the help of Mayo-Lewis equation is depicted in the Figure 3.5. The 
copolymerization parameters were obtained by fitting the Mayo-Lewis equation to the 
experimental data, using the non-linear least square fitting procedure implemented in Origin 
7.5. The copolymerization parameters were obtained to be rFMA = 4.9 ± 0.34 and rMAH = 0.04 
±0.008, in opposite to the alternating copolymerization of styrene and maleic anhydride [21, 
22]. The homopolymerization step of the methacrylic monomer is preferred over the 
addition of MAH units, leading to copolymers with small contents of MAH unless the 
anhydride is added to the reaction mixture in a huge excess. Low conversion polymers from 
itaconic anhydride and 1H,1H,2H,2H-perfluorodecyl methacrylate were obtained as well. 
(Scheme 3.2). 
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Scheme 3.2: Synthesis of itaconic anhydride (ITA) and perfluorooctyl methacrylate (FMA). 
The determination of the copolymer compositions was done employing the same procedures 
as in the case of P[MAH-co-FMA]copolymers. The data on copolymer compositions and 
compositions of the feedstock are summarized in the Table 3.13. 
 
Table 3.13: Feedstock composition and amount of ITA in the copolymer determined by 1H-NMR 
spectroscopy at less than 5 % conversions of all samples. 
Sample 
code 
fITA 
[mol%] 
fFMA 
[mol%] 
FITA 
1H-NMR 
[mol%] 
ITA15 5 95 15 
ITA24 10 90 24 
ITA32 15 85 32 
 
The copolymerization parameters of itaconic anhydride and fluorinated methacrylate were 
found to be rITA= 1.02 ± 0.4 and rFMA= 0.27 ± 0.019, they were determined on the bases of 
the Mayo-Lewis equation by means of the program Origin 7.5 [23]. The copolymerization 
diagram for itaconic anhydride and fluorinated methacrylate based only on three different 
compositions can be seen in the Figure 3.6. Since the data on copolymer compositions with 
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fITA more than 15 mol% are not available, the determined copolymerization parameters are 
not very accurate. 
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0,0
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Figure 3.6: Copolymerization diagram of itaconic anhydride and fluorinated methacrylate fitted using Mayo-
Lewis equation and Origin 7.5. 
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Determination of time-conversion curves and rate of polymerization 
 
For replacing the monomers with the rates they are consumed in the course of 
polymerization, the polymerization rates at low conversions were determined. Figure 3.7 
shows the time-conversion curves for the copolymerization of MAH and FMA at different 
initial monomer feed compositions. 
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Figure 3.7: Time-conversion curve for the polymerization of MAH and FMA at feedstock composition fMAH = 
0.75 (n = 16.88 mmol) (▲) and fMAH = 0.84 (n = 18.90 mmol) (□). The copolymerization was carried out in 30 
mL MEK/HFX (1:1) at 60°C using 2 mol% AIBN as initiator. 
 
At low conversions in diluted solutions the rate of polymerization can be assumed to be 
constant and be approximated by linear dependence on time. If the time-conversion-curve is 
extrapolated to a time zero, the negligibly small inhibition period about 3 – 8 min can be 
determined. This fact indicates that the polymerization procedure was accurately performed, 
since the short induction period can be attributed to heating – equilibration time in 
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combination to the time required to establish the steady state conditions. The data on 
copolymerization conditions, observations as well as the rates of polymerization are 
summarized in Table 3.14. 
 
Table 3.14: Amount of monomers and solvent (Freon 113/MEK) used to determine the kinetic parameters for 
low yield polymerization at different temperatures. 
Sample 
code 
fMAH 
[mol%] 
fFMA 
[mol%] 
T, 
°C 
Monomer 
concstock 
[mol/L] 
Final 
mixture 
appearance 
Rp 
[wt%/min] 
0.75 Rp/[M] 
[wt%/min] 
FMA 0 100 60 0.75 clear 0.337 0.337±0.047 
CAP7 25 75 60 0.75 clear 0.397 0.297±0.008 
CAP14 50 50 60 0.75 clear 0.236 0.236±0.013 
CAP24 75 25 60 0.75 clear 0.166 0.166±0.003 
CAP29 84 16 60 0.75 clear 0.144 0.144±0.009 
CAP 90 90 10 60 1.00 yellowish 0.116 0.087±0.012 
CAP 95 95 5 65 1.50 yellow-
brown 
0.138 0.069±0.017 
CAP 95a 95 5 60 0.75 yellow-
brown 
0.053 0.053±0.010 
CAP 97 97 3 65 1.00 brown 0.041 0.031±0.007 
 
When the feedstock solution became rich in maleic anhydride (fMAH ≥ 0.9), the reaction 
mixture changed its colour from clear to yellow and even brown after several hours of 
polymerization. D. Braun et al. [24], who studied homopolymerization of MAH initiated by 
radicals at different conditions proposed the formation of an oligomeric product which is 
shown in the Figure 3.8. 
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Figure 3.8: Oligomeric product of radical initiated MAH homopolymerization proposed by D. Braun et al. 
[24]. 
It can be assumed that after the consumption of the methacrylic monomer, the 
homopolymerization of MAH took place which led to a product as described by Braun and 
caused the colour change. The dependence of the molar fraction of MAH on the rate of 
polymerization is shown in the Figure 3.9. The rate of polymerization decreases with 
increasing  maleic anhydride content in the monomer mixture. These experimental data are  
in agreement to the results of Rätzsch  et al. [25], who studied the copolymerization of 
MAH, and found a decrease in the rate of polymerization with increase of MAH content in 
the monomer mixture. With regard to P[FMA-co-ITA] polymers the data on polymerization 
rates and copolymerization conditions are presented in Table 3.15. 
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Figure 3.9: Dependence of MAH content in the feedstock on the rate of polymerization in 1/1 MEK/Freon 
113 at 60°C, 0.75 mol/L monomer concentration and 2 wt% AIBN as initiator. 
 
Table 3.15: Amount of monomers and solvent (Freon 113/MEK) used to determine the kinetic parameters for 
low yield polymerization at 60°C. 
Sample 
code 
fITA 
[mol%] 
fFMA 
[mol%] 
Monomer 
conc.stock 
[mol/L] 
Rp 
[wt%/min] 
0.75 Rp/[M] 
[wt%/min] 
ITA14 5 95 1.5 0.343 0.175±0.001 
ITA24 10 90 1.5 0.271 0.136±0.009 
ITA24a 10 90 0.75 0.086 0.086±0.004 
ITA32 15 85 1.5 0.225 0.113±0.002 
ITA20 20 80 1.5 0.22 0.110±0.012 
ITA25 25 75 1.5 0.145 0.073±0.014 
ITA25a 25 75 0.75 0.054 0.054±0.006 
ITA50 50 50 0.75 0.009 0.009±0.001 
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The Rp values for P[FMA-co-ITA] also decrease distinctly with increasing ITA content in 
the monomer mixture, but show different dependency curve (Figure 3.10). Although 
itaconic anhydride is able to homopolymerize [26] the rates of polymerization were 
significantly slower than in the case of P[FMA-co-MAH] at the same conditions (see Table 
3.14). In order to get acceptable rates of polymerization for preparative continuous addition 
polymerization, the monomer concentrations in the feed were doubled. Whereas Table 3.15 
lists a number of different proportions of monomers, the polymeric compositions were 
determined only for three copolymers of interest, taking into account that increase of 
hydrophilic anhydride fraction in the copolymers will affect their hydrophobic properties. 
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Figure 3.10: Dependence of ITA content in the feedstock on the rate of polymerization in 1/1 MEK/Freon 113 
at 60°C, 1.5 mol/L monomer concentration and 2 wt% AIBN as initiator. 
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Polymerization at constant feedstock composition 
 
In order to achieve constant polymer composition it is necessary to keep each monomer 
concentration constant in the reaction mixture. Hence, each monomer must be added with 
the same rate as it is consumed during the polymerization. The composition of the 
copolymers with the conversion of about 1 % was determined by 1H-NMR spectroscopy 
and the amount of the monomers for addition was calculated from Rp.  
 
Example of calculations for CAP 24 (75/25 mol% of MAH/FMA in the feedstock)  
Feedstock solution contains 30.98 mmol (3034 mg) of MAH and 10.31 mmol (5488 mg) of 
FMA which gives in total 8522 mg of monomers. If Rp equals 0.17 wt%/min one can 
calculate that every minute 14.488 mg of copolymer is produced. Copolymer composition at 
low conversion, determined from 1H-NMR spectroscopy, consists of 24/76 mol% 
(MAH/FMA) and therefore the molecular weight of the copolymer average repeat unit can 
be calculated as: 
Mr (POLY) = 98.06*0.24 + 532.2*0.76 = 23.5344 + 404.472 = 428 Da 
If the molecular weight of copolymer average repeat unit is known to be 428 Da one can 
calculate how much of MAH and FMA is needed to synthesize 14.488 mg of CAP 24 (the 
amount which is produced in a minute by the polymerization): 
in 428 g of CAP 24   – 23.5344 g of MAH  
in 0.014488 g of CAP 24 (amount of the polymer produced in one minute)  - X g of MAH 
X (m of MAH) =  
428
5344.23*014488.0
 = 0.0007966 g 
)(MAH
dt
dm
 = 0.7966 mg/min 
in 428 g of CAP 24   – 404.472 g of FMA 
in 0.014488 g of CAP 24 (amount of the polymer produced in one minute)  - X g of FMA 
X (m of FMA) =  
428
 404.472*014488.0
 = 0.0136916 g 
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)(FMA
dt
dm
 = 13.6916 mg/min 
When the continuous addition lasts for approx. 3 - 5 hours, the amount of AIBN 
decomposed can be neglected, but in the case of longer addition times further dispensing of 
initiator must be done. The amount of AIBN can be calculated using equation (3.3). 
 
Id
I nK
dt
dn
×=    (3.3) 
nI :  an initiator amount of substance 
Kd : decomposition rate 
 
A typical procedure is now described for binary copolymerization at constant feed 
composition.  Fluorinated monomer and MAH were dissolved in 50 mL of a mixture of 
MEK/HFX (1:1) and degassed by repeated freeze-pump-thaw cycles. The amounts of 
monomers consumed by the polymerization were calculated using calculations based on 
rates of polymerization (Rp) which are mentioned above. The monomers were dissolved in 
2- butanone/HFX mixture to ensure complete dissolving and degassed as described before. 
The calculated amount of AIBN both for continuous addition and for polymerization 
initiation was prepared in 5 mL of 2- butanone/HFX mixture each and degassed as well. 
After refilling the solutions with monomers and initiator into syringes under argon, they 
were continuously dispensed into the reaction mixture with the help of syringe pumps after 
injection of 5 mL AIBN initiation solution (Figure 3.11). When addition of monomers was 
complete, the polymer was precipitated into cold methanol, centrifuged and dried in 
vacuum.  
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Figure 3.11: Experimental setup for constant dispensing of monomers and initiator which consists of 1) 
syringe pump for AIBN solution addition; 2) syringe pump for dispending of monomer solution; 3) feedstock 
reaction mixture of monomers, solvents, and initiator in oil bath. 
 
In order to check the homogeneity of copolymers during the course of polymerization, 
samples were taken and the polymer compositions were determined by 1H-NMR 
spectroscopy.  The Figure 3.12 shows P[FMA-co-MAH] binary copolymer composition 
changes in the course of preparative continuous addition polymerization experiment. The 
plot demonstrates only minor changes in copolymer composition with time, which do not 
have any trend and are within magnitude of an error of the method for determination of the 
copolymer composition. The IR spectra of the obtained copolymers with increasing fraction 
of MAH in the polymer backbone are presented in Figure 3.13. The amount of MAH varied 
from FMAH = 0.07 to 0.29 as can be seen by increasing intensity of the succinic anhydride 
carbonyl vibration bands at 1787 cm -1 and 1859 cm -1. The normalization of all spectra was 
performed to the fluorinated ester carbonyl peak at 1736 cm -1. 
1 
3 
2 
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Figure 3.12: CAP 24 binary copolymer composition changes upon monomer conversion during continuous 
addition polymerization. 
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Figure 3.13: FT-IR spectra of MAH-co-H2F8MA with different MAH fractions (FMAH = 0.00 (─ · · ─ · ); 
0.07(─ · ─ · ); 0.14(· · · · · ); 0.24(─  ─  ─); 0.29(______)). 
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Table 3.16 lists the series of P[MAH-co-FMA]copolymers that were prepared by 
continuous addition polymerization. The yield of all copolymers was close to 100% even 
with 48 h of addition and composition of the copolymer did not significantly change during 
the continuous addition experiment. Assuming that the calculations were correct, all 
continuous addition polymerizations procedure were performed successfully and 
copolymers of homogeneous compositions were prepared. 
 
Table 3.16: Fluorinated copolymers of maleic anhydride synthesized by free radical polymerisation using 2 
mol% AIBN as initiator at 60°C. The feedstock composition remained constant by replacing the consumed 
monomers with the help of syringe pump. 
Probe 
code 
fMAH 
stock 
nMAHstock 
[mmol] 
nFMAstock 
[mmol] 
Monomer 
conc.stock 
[mol/L] 
Rp 
[wt%/min] 
Rp 
[mg/min] 
Add. 
time 
[h] 
Yield 
[%] 
CAP7 0.25 5.625 16.875 0.75 0.30 28.6 2 100.0 
CAP14 0.50 11.25 11.250 0.75 0.24 17.0 3 99.5 
CAP24 0.75 16.875 5.625 0.75 0.17 7.9 10 98.2 
CAP24 0.75 30.940 10.312 0.75 0.17 14.5 48 99.7 
CAP29 0.84 34.650 6.600 0.75 0.15 10.0 48 99.6 
 
Binary copolymers of itaconic anhydride with different compositions were also obtained by 
continuous addition polymerization technique (see Table 3.17). Because of the slower 
polymerization rate in comparison to the maleic anhydride copolymers the concentration of 
the stock solution was doubled, but the solution can still be considered as diluted since no 
kinetic changes at high conversions did occur. A 0.7- 2.4 % yield loss of the product 
occurred during the transfer of the copolymers from the reaction mixture flask to centrifuge 
tubes. 
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Table 3.17: Fluorinated copolymers with itaconic anhydride synthesized by free radical polymerisation using 
2 mol% AIBN as initiator at 60°C. The feedstock composition remained constant by replacing the consumed 
monomers with the help of syringe pump. 
Sample 
code 
fMAH 
stock 
nMAHstock 
[mmol] 
nFMAstock 
[mmol] 
Monomer 
conc.stock 
[mol/L] 
Rp 
[wt%/min] 
Rp 
[mg/min] 
Add. 
time 
[h] 
Yield 
[%] 
ITA14 0.05 0.563 10.688 1.5 0.34 19.6 3 99.3 
ITA24 0.10 2.250 20.250 1.5 0.27 29.8 5 98.4 
ITA32 0.15 3.375 19.125 1.5 0.23 24.3 5 97.6 
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Figure 3.14: FT-Raman spectra of P[ITA-co-FMA] with ITA 30 mol% (______) 24 mol% (· ─ · ─ · ) and 15 mol% 
(· · · · · ). 
 
The Raman spectra of the prepared copolymers are depicted in Figure 3.14. The intensities 
of the anhydride bands are reversed in comparison to the IR spectra of the same 
copolymers. The unsymmetrical band of the anhydride carbonyl stretching vibrations is 
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slightly shifted and occurs at 1865 cm-1 instead of 1859 cm-1 for maleic anhydride 
copolymers, while the symmetrical vibration bands were unchanged. Since copolymer 
composition determination using 1H-NMR spectroscopy is time consuming and needs a lot 
of preparations, the determination of copolymer compositions by means of Raman 
spectroscopy could be of great advantages. Raman spectroscopy was chosen over IR 
spectroscopy, because Raman spectrum demonstrated better ester and anhydride peaks 
separation, thus giving more exact integration values.  
 The Raman spectra were measured from powder of samples (the powdered 
polymeric material was placed into sample holder directly). As absolute intensities can not 
be reproduced the spectra have to be normalized with respect to ester carbonyl signal at 
1732 cm-1. The normalization was done with an OPUS 4.0 (Bruker OPTIK Gmbh). The 
program finds the minimum and maximum in the fluorinated methacrylate ester carbonyl 
signal region of 1760 – 1650 cm-1 and proportionally adjusts all the spectra in such a way 
that methacrylate ester carbonyl signals at about 1732 cm-1 were fitted to the equal peak 
height (in our case with intensity equals was chosen 2), eliminating the influence of a 
sample concentration on the intensities of the signals and subsequently on the analyzed peak 
area in all samples. 
 
Ina
F
F
ITA
ITA ∗=
−1
  (3.5) 
 
where, FITA  - mol fraction of anhydride 
a – proportionality coefficient 
In – peak area normalized  
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Figure 3.15: Data on dependence of FITA/1-FITA on the peak area of P[ITA-co-FMA] copolymers with a slope 
of a =0.00648. 
 
By using (equation 3.5) a dependence of FITA/1-FITA on the anhydride peak area of P[ITA-
co-FMA] copolymers is build (Figure 3.15), giving a slope of a = 0.00648. Now using 
equation (3.6) it is possible to determine the P[ITA-co-FMA] copolymers composition just 
by integrating the anhydride peak area in the region from 1895.25 to 1825.38 cm-1 of a 
normalized FT-Raman spectrum which gives an In value.  
In
InFITA
∗+
∗
=
00648.01
00648.0
  (3.6) 
The equation 3.6 was further used for maleic anhydride and PEO methacrylate copolymers 
composition determination and proved to be perfectly consistent with the composition data 
obtained from 1H-NMR spectroscopy. 
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Phase behaviour of P[Ahn-co-RF] copolymers 
Phase behaviour of the synthesized binary P[MAH-co-FMA]copolymers was studied by 
differential scanning calorimetry (DSC), polarizing optical microscopy (POM) as well as 
wide and small angle X-ray scattering (WAXS and SAXS) measurements 
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Figure 3.16: The DSC curves obtained from polymer CAP24. The first (A) and the second (B) heating run as 
well as first cooling (C) at 10 K/min are depicted. 
 
According to the DSC data (Figure 3.16) the copolymers exhibited an endothermic peak at 
the first and the second heating runs, and an exothermic peak during cooling. The transition 
enthalpy was in the range of 3-5 J/g. At temperature lower than this transition temperature 
POM showed a birefringent texture (Figure 3.17) and were proved to exhibit a liquid state. 
By heating above the transition temperature the birefringence disappeared. These data 
indicate that the copolymers most probably form a liquid crystalline phase till the 
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isotropisation temperature. The endothermic peaks are attributed to the clearing temperature 
(Tc) and exothermic peak to the temperature of crystallization. 
 
Figure 3.17: Polarizing optical microscope picture of  CAP24 at 112 °C. 
 
The WAXS and SAXS patterns of extruded fibers of the FMA-co-MAH copolymers 
CAP24 and CAP29 are presented in the Figure 3.18 and Figure 3.19. According to the 
SAXS data, these two copolymers exhibit a smectic A phase with a layer thickness of 30.2 
Å.  It is well known from literature [27, 28], that methacrylic comb-shaped polymers 
containing perfluorinated alkyl side chains, which are longer than C5-C6, exhibit 
predominantly smectic ordering.  The reflex on the WAXS patterns, which corresponds to a 
distance of 5.37 Å, can be attributed to the spacing between mesogenic perfluorinated side 
chains. The weak non-oriented peak at 12.3 Å is probably attributed to the inter-chain 
distances in the smectic layer. It was also observed that the structure of CAP24 is less 
ordered that the one of CAP29, and the non-smectic peaks are absent. Probably, with the 
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increase of MAH content the main chains become more rigid and can not be adjusted to the 
smectic layering to form a locally ordered structure. 
  
Figure 3.18: X-ray patterns of a CAP24 fiber. The fiber axis in all measurement is vertical. (A) 2D SAXS 
pattern measured at 25°C; (B) 2D WAXS pattern at 25 °C; (C) 2D SAXS pattern after annealing at 130°C and 
then measured at 25°C. (D) 1D SAXS curves, where curve 3 originates from a freshly extruded fiber, 
measured at 25°C; curve 2 was measured at 130°C (above the clearing temperature); curve 1 was measured at 
25°C after cooling down from the isotropic melt. (E) WAXS curves of CAP24, where line 3 is the curve of a 
freshly extruded fiber and measured at 25°C; curve 2 was measured at 130°C; curve 1 was measured at 25°C 
after cooling down from the isotropic melt.   
 
 
 
 
 
 
 
 
A 
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Figure 3.19: X-ray patterns of a CAP29 fiber. The fiber axis in all measurement is vertical. (A) 2D SAXS 
pattern measured at 25°C; (B) 2D WAXS pattern at 25 °C; (C) 2D SAXS pattern after annealing at 130°C and 
then measured at 25°C. (D) 1D SAXS curves, where curve 3 originates from a freshly extruded fiber, 
measured at 25°C; curve 2 was measured at 130°C (above the clearing temperature); curve 1 was measured at 
25°C after cooling down from the isotropic melt. (E) WAXS curves of CAP24, where line 3 is the curve of a 
freshly extruded fiber and measured at 25°C; curve 2 was measured at 130°C; curve 1 was measured at 25°C 
after cooling down from the isotropic melt. 
 
Similar DSC curves were observed for P[ITA-co-FMA] copolymers (Figure 3.20). However, 
these polymers show a broader transition peak. This difference could probably be attributed 
to the more randomly distribution of two monomer units in the polymer chain, due to the 
fact that ITA can homopolymerize, but MAH cannot. Another explanation for the broader 
transition peak of P[ITA-co-FMA] copolymers could be their higher polydispersity. 
Polymer polydispersity influences the thermal properties in such a way that the polydisperse 
polymer molecules can not undergo a phase transition at a single temperature, but every 
fraction has its own transition temperature which is seen in DSC curve as broader peak.  In 
other words, the transition temperatures depend on the molecular weight, and higher 
molecular weight fractions will transform into the new phase at higher temperatures then 
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fractions with lower molecular weight. It was elucidated in crystallization studies of 
different molecular weights PE, that the higher molecular weight fractions showed both 
higher melting and crystallization points within the same class (HDPE, LDPE, ULDPE, 
VLDPE, UHMWPE) of PE [29-32]. 
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Figure 3.20: DSC curves of polymer ITA24. The first (A) and the second (B) heating run as well as the first 
cooling (C) at 10 K/min are depicted. 
 
The X- ray patterns of extruded fibers of FMA-co-ITA copolymers ITA14 and ITA32 are 
presented in the Figure 3.21. The WAXS patterns of ITA14 and ITA32 appeared to be 
similar to those of P[MAH-co-FMA]copolymers (see. Figure 3.18, Figure 3.19). 
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Figure 3.21: X –ray patterns of ITA 14 and ITA32 fiber. The fiber axis in all measurement is vertical. (A) 2D 
WAXS of FMA pattern measured at 25 °C, (ITA14 and ITA32 demonstrated similar 2D WAXS patterns). (B) 
1 D WAXS of curve 1 – ITA15, curve 2 – ITA32. The samples were measured at 25 °C after cooling down 
from isotropic melt. 
 
The smectic – isotropic transition temperature, the so called clearing temperature (Tc) of 
P[MAH-co-FMA] and P[ITA-co-FMA] copolymers, increases with the fraction of 
incorporated anhydride. Presence of anhydride units in the copolymer provides the polymer 
backbone with a greater rigidity, and thus, anhydride enriched copolymers showed a higher 
Tc. The Figure 3.22 shows the dependence of clearing point temperatures based on second 
DSC heating run for P[MAH-co-FMA] and P[ITA-co-FMA] copolymers on the polymer 
composition. The dependence of anhydride content is consistent with a decrease in chain 
flexibility [33-35]. Fitting a linear function to the measured Tc/Fanh – curves opens a 
possibility to determine the copolymer composition just by taking DSC measurement of the 
polymeric sample, which is a fast and easy method in comparison to 1H-NMR spectroscopy 
or elemental analysis.  
AnhAnhc FbaFT ∗+=)(    (3.4) 
 
where, Tc  - a clearing temperature 
Fanh – anhydride molar fraction in the copolymer 
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Table 3.18: a and b values for P[MAH-co-FMA] and P[ITA-co-FMA] copolymer composition determination 
using  equation 3.4 and Tc peak maximum obtained by DCS measurement at a second heating run with  
heating rate of 10 K/min and 5 mg of a polymeric sample. 
Copolymer a 
 [°C] 
b 
[°C] 
MAH-co-FMA 85.05±2.59 1.34±0.13 
ITA-co-FMA 85.07±0.90 1.14±0.06 
 
The equation (3.4) and (Table 3.18) describe the dependence of Tc on P[ITA-co-FMA] and 
P[MAH-co-FMA] copolymer compositions. Considering Tc dependences on P[ITA-co-
FMA] and P[MAH-co-FMA] copolymer compositions it can be seen that MAH units 
increase the stiffness of the copolymers backbone stronger then ITA moieties.  
5 10 15 20 25 30
90
100
110
120
130
FANH [mol %]
Te
m
pe
ra
tu
re
 
 
[°C
]
 
 
Te
m
pe
ra
tu
re
 
 
[°C
]
 
 
Figure 3.22: Dependence of clearing temperatures (Tc) on the polymers anhydride content  determined from 
the second heating run of  a DSC measurement at a heating rate of 10 K/min and mass of sample of 5 mg; (▲) 
– for P[MAH-co-FMA] copolymers, () – for P[ITA-co-FMA] copolymers. 
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Table 3.19: Thermogravimetric analysis and DSC data of fluorinated ITA and MAH copolymers. 
Sample 
code 
FITA 
[mol%] 
FMAH 
[mol%] 
FFMA 
 [mol%] 
Tc 
[°C] 
Td1 
[°C]  
Td5 
[°C] 
FMA _ 0 100 85 127 191 
CAP7 _ 7 93 95 179 243 
CAP14 _ 14 86 104 179 252 
CAP24 _ 24 76 115 230 292 
CAP29 _ 29 71 126 245 297 
ITA14 15 _ 85 103 130 253 
ITA24 24 _ 76 113 120 252 
ITA32 32 _ 68 129 182 256 
 
All data of the thermogravimetric analysis and the DSC data of fluorinated ITA and MAH 
binary copolymers are summarized in Table 3.19. 
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Figure 3.23: Thermogravimetric analysis of P[ITA-co-FMA] copolymers with different ITA content 
performed under nitrogen atmosphere and a heating rate of 10 K/min. FITA = 0.15 (
______), 0.24 (· · · · · ), 0.32 ( 
─  ─  ─  ).  
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Figure 3.24: Thermogravimetric analysis of P[MAH-co-FMA] copolymers with different MAH content 
performed under nitrogen atmosphere and a heating rate of 10 K/min. FMAH = 0.0 (·─ · ), 0.07 ( ─  ─  ─
 ), 0.14 
(· · · · · ), 0.24 (______). 
 
Thermogravimetric curves for series of P[ITA-co-FMA] copolymers are shown in Figure 
3.23. Degradation in three steps was observed with all samples. Apparently, the ester 
linkages of the side chains break up first, followed by overall decomposition of the 
backbone. It is remarkably to notice that curves were almost identical to each other, and the 
decomposition behavior was fairly independent on the ITA content. On the other hand, 
thermal decomposition curves of P[MAH-co-FMA] copolymers showed significant increase 
of the thermal stability with MAH enriched copolymers and only one degradation step for 
CAP 24 containing 24 mol% of MAH was observed at 292 ºC (Figure 3.24). The Td5 
(temperature at which 5 wt% mass loss takes place due to the thermal degradation) value for 
copolymer CAP24 rose by more than 100°C compared to the FMA homopolymer. 
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Functionalization of binary copolymers with unsaturated 
crosslinkable moieties 
Cross-linking of a polymer material after processing is an interesting option for practical 
applications. Cross-linking can be used for coating immobilisation on the surface, for 
fixation of fibres or nano- fibres strengthening after processing to prevent their dissolution 
in solvents. UV crosslinkable materials are also widely used for photolithography as 
photoresists. The functionalisation of the polymers obtained in the present study was done 
via “grafting onto” of primary amines and hydroxyl containing compounds with unsaturated 
moieties (Figure 3.25) on the anhydride units of the polymeric backbone. 
 
Figure 3.25: Structural formulas of chemical compounds for anhydride reactive copolymers modification in 
order to introduce crosslinkable moieties. X –NH2,OH; R-Alkyl. 
 
The reaction between amines and cyclic anhydrides involves two steps, as shown in Scheme 
3.3. In the first step, nucleophilic attack of the amine on one of the carbonyl carbons of the 
cyclic anhydride results in ring-opening of the anhydride and addition of the amine 
substituent. The resulting structure is an amic-acid (1), which can be in equilibrium with the 
secondary amide salt (2) if the amine is a strong base, e.g., R = alkyl. The second reaction 
step (B) is a condensation to form a cyclic imide under chemical or thermal dehydration 
conditions [36-39]. In the reaction of P[MAH-co-FMA] copolymers with allylamine, the 
ring-closure and cyclic imide formation was obtained by thermal treatment. 
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Scheme 3.3: Reaction of allylamine with a cyclic anhydride group in the copolymer, yielding a cyclic imide 
by ring-opening, amic-acid formation (A), followed by ring closure (B). 
 
Figure 3.26 depicts the IR spectra of P[MAH-co-FMA] copolymers prior to (Figure 3.26 A) 
and directly after (Figure 3.26 B) reaction with allylamine along with heating at 80°C and 
100°C. After the first reaction step the anhydride bands at 1859 and 1784 cm-1 completely 
disappeared, mostly because of the reaction with allylamine but also presumably by partial 
hydrolysis catalysed by amino group present in the system. The anhydride peaks 
disappeared and only ester carbonyl bands at 1732 cm-1 originating from the fluorinated 
methacrylate were observed. Upon heating to 80°C small peaks at 1859 and 1784 cm-1 of 
succinic anhydride carbonyl vibrations appeared along with a slight shoulder at 1709 cm-1 
belonging to cyclic imide carbonyl vibrations (Figure 3.26 C). When the polymer was 
annealed at 100°C for 3 hours (Figure 3.26 D), the shoulder was transformed into a strong 
peak at 1709 cm-1 suggesting complete cyclization. Summarizing these results it can be 
concluded that thermal treatment of amic acids of P[MAH-co-FMA] copolymers lead to 
cyclic imide formation while succinic acid units split off water under formation of cyclic 
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anhydride units already at 80°C which can be explained by the high stability of five-
membered rings. 
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Figure 3.26: FT-IR spectra of P[MAH-co-FMA] copolymer before (A, · ·─ · ·─ · · ) and after (B, ______) 
reaction with allylamine,after overnight annealing at 80°C (C, ______)   and 3 h at 100°C (D, ______). 
 
Compounds with hydroxyl functionality can be also grafted onto copolymers containing 
anhydride moieties (Scheme 3.4). The reversible nature of P[MAH-co-FMA] esterification 
reactions was observed with methanol at the temperatures more than 120°C. The thermal 
reversibility could be traced by DSC, which is demonstrated in Figure 3.27. The 
nonmodified CAP24 exhibited a clearing transition at 114.6 °C. CAP24 monomethyl ester 
cleared at 125.5°C during the first heating run and some endothermic signals appeared on 
further heating above 130°C, while the second heating run of CAP24 monomethyl ester 
revealed a clearing temperature of 114.2 °C which is identical to the Tc of the nonmodified 
CAP24. The endothermic process of CAP24 monomethyl ester between 130 - 180°C, which 
was observed in the DSC curve after the clearing temperature can presumably be attributed 
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to the cleavage and evaporation of methanol. DSC measurement was done using DSC pans 
containing small hole in the lid. 
  
Scheme 3.4: Reaction of alcohols with cyclic anhydride group in the copolymer. At 50°C an ester is formed 
by a ring-opening reaction (A), at 120°C the ester decays back to the anhydride and alcohol (B). 
 
50 100 150
114.2
114.4
116.3
 
 
En
do
Temperature [°C]
125.6
 
Figure 3.27: DSC diagram of P[MAH-co-FMA] first (______) and second (· · · · · ) heating run, P[MAH-co-
FMA] monomethyl ester first (· ─ · ─ · ) and second heating ( ─  ─  ─  ). 
 
The back reaction of the reversible esterification of P[MAH-co-FMA] copolymers proceeds 
at temperatures higher than 100°C obviously driven from the evaporation of the alcohol. 
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Hence, the reaction could be used to generate materials that can be thermally decrosslinked 
on demand which seems to be a very attractive class of substances. A modification of 
P[MAH-co-FMA] copolymers was performed by reaction with hydroxyethylmethacrylate 
(HEMA). This reaction is easy to monitor by IR spectroscopy as visualized in Figure 3.29. 
After the reaction, the anhydride bands at 1859 and 1784 cm-1 completely disappeared and 
only the ester carbonyl band at 1732 cm-1 from fluoromethacrylate was observed which is 
an indication of complete ring opening reaction. Furthermore, Raman spectroscopy detected 
the presence of the C=C double bonds by a band at 1640 cm-1. After annealing at 120°C for 
one hour, the almost complete restoration of the succinic anhydride ring was observed as 
indicated in the Scheme 3.5  by the bands arising at 1859 and 1784 cm-1 respectively 
(Figure 3.29). 
 
Scheme 3.5: Reversible reaction of anhydride moiety in the copolymers with HEMA. 
 
1H-NMR spectrum of the HEMA modified P[MAH-co-FMA] is shown in Figure 3. 28. The 
degree of modification is about 63 % as calculated from the 1H-NMR spectrum.  
Chapter 3 
_________________________________________________________________________________________________________________ 
 
 86
0.01.02.03.04.05.06.07.0 δ (ppm)  
Figure 3. 28: 400 MHz 1H-NMR spectrum of P[MAH-co-FMA] modified with hydroxyethylmethacrylate 
(HEMA) measured in ( # - solvent peak of CDCl3), (* - H2O). The –CH2- signals of ethylene glycol are 
covered by signal c. 
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Figure 3.29: FT-IR spectra of P[MAH-co-FMA] copolymer before (A, ─── ) and after (B, ______) reaction 
with HEMA, after 3h of annealing at 120°C (C, · ·─ · ·─ · · ). 
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The modification of P[MAH-co-FMA] polymers with poly (ethylene glycol) mono 
methacrylate (Mn = 526 g/mol) was intended to grant the polymers both water solubility and 
crosslinkability with ability to break the crosslinking thermally on demand. The 1H-NMR 
spectrum of poly (ethylene glycol) methacrylate modified polymer is shown in  
Figure 3.30. 
0.01.02.03.04.05.06.07.0 δ (ppm)  
Figure 3.30: 400 MHz 1H-NMR spectrum of P[MAH-co-FMA] modified with poly (ethylene glycol) 
methacrylate (CAP24-PEGMA) measured in (# - solvent peak of CDCl3), (* - H2O). The –CH2- signals of 
ethylene glycol are covered by signal c. 
 
The 1H-NMR spectrum showed that even after 48 hours reaction time at 80°C only 3 % of 
all anhydride groups in the polymer were esterified. Further increase of the reaction 
temperature would lead to the de-esterification reaction and the desired product would not 
be obtained (see Scheme 3.4). It seems that the mutual incompatibility of perfluorinated 
side chains and PEO is mainly responsible for poor modification degree, also sterical 
hindrance contributed to the reluctance of MAH units to esterification. Since only a small 
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part of the anhydride units was modified with the hydrophilic polyoxyethylene side groups 
the resulting polymer did not become water or ethanol soluble. 
 
 
Crosslinking tests with the modified polymers 
Qualitative data on crosslinkability of the modified fluoropolymers using different 
crosslinking conditions are listed in the Table 3.20.  The samples were prepared by forming 
thin films on glass substrates using a drop casting technique. Subsequently the films were 
annealed at 180°C, or UV irradiated to induce crosslinking. After curing the films were 
tested for solubility in the solvents that were used for their preparation in order to check if 
crosslinking took place. In the case of UV irradiation, the samples were cured in solution 
with 5-20 wt% addition of the photoinitiator Irgacure 819, which has an absorption 
maximum at a wavelength of 365 nm. Crosslinking was monitored by considering the 
transparency of the exposed solution. 
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Table 3.20: Data on crosslinkability of the modified fluoropolymers at different parameters of the 
crosslinking. Freon 113/MEK (10: 2) mixture was used as a solvent for all polymeric samples. 
Probe code Polymer 
Conc. 
[mg/mL] 
Igracure 819 
Conc. 
[wt%] 
Time of 
exposure 
[min] 
Type of exposure Result 
CAP24-HEMA 10 - 20 180 °C - 
CAP24-HEMA 20 - 30 180 °C - 
CAP24-HEMA 30 - 45 180 °C - 
CAP24-HEMA 30 5 45 UV (λ= 365 nm) - 
CAP24-HEMA 30 10 45 UV (λ= 365 nm) - 
CAP24-HEMA 30 10 120 UV (λ= 365 nm) + 
CAP24-HEMA 30 20 45 UV (λ= 365 nm) + 
CAP24-Allylam 30 - 15 180 °C  - 
CAP24-Allylam 30 - 45 180 °C +  
CAP24-Allylam 30 20 120 UV (λ= 365 nm) - 
CAP24-PEO-MA 30 20 45 UV (λ= 365 nm) - 
CAP24-PEO-MA 30 30 60 UV (λ= 365 nm) - 
CAP24-PEO-MA 30 50 120 UV (λ= 365 nm) - 
CAP24-PEO-MA 30 - 45 180 °C  - 
CAP24-PEO-MA 30 - 60 180 °C - 
CAP24-PEO-MA 30 - 120 180 °C  - 
 
The experimental results revealed that HEMA and allylamine modified fluoropolymers 
were able to form a crosslinked structure. CAP24-HEMA copolymer was crosslinked after 
exposure to UV irradiation for 45 min in the presence of 20 wt% of Igracure 819. The 
thermal crosslinking experiments with CAP24-HEMA were performed before it was 
elucidated that anhydride monoesters can be thermally cleaved at the temperatures above 
100 °C. So at the used temperature of 180°C all ester linkages of CAP24-HEMA were 
definitely decopmosed which explain the failure of crosslinking attempts. CAP24-Allylam 
polymer showed no tendency to be crosslinked by UV irradiation even with 20 wt% of 
photoinitiator and two hours of exposure time, but was crosslinked thermally without 
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addition of any initiator after 45 min of curing at 180 °C. The attempts to crosslink CAP24-
PEO-MA samples were not successful, neither thermal treatment nor UV irradiation yielded 
network polymers. The crosslinking attempts failed because of the low content of 
crosslinkable groups in the polymeric material. 
 
 
Attempts to prepare water born fluoropolymers 
Important applications of fluoropolymers include coating materials or additives e.g. for 
cleaners, lubricants and waxes for skiing. In all these applications it is of high interest that 
the fluoropolymers can be processed from nontoxic, environmentally friendly solvents e.g. 
aqueous solutions, but still possess the desired hydrophobicity and oleophobicity. 
 To develop fluoropolymers which can be processed from cheap, nontoxic, 
environmentally friendly solvents like water, ethanol and their mixtures, the modification of 
the binary anhydride reactive copolymers with different hydrophilic moieties was 
investigated. Grafting of 3-amino-1,2-propandiol onto CAP24 polymer (Scheme 3.6) was 
done to introduce two hydroxyl and one carboxyl groups at an anhydride unit which should 
enhance the polymer solubility in water. When the reaction was carried out at room 
temperature and with stoichiometric amounts of 3-amino-1,2-propandiol with respect to 
anhydride units only crosslinked products were obtained due to intermolecular reaction 
between grafted molecules. Knowing that hydroxyl containing compounds reversibly react 
at elevated temperatures with the anhydride moieties of the polymer, an excess of 3-amino-
1,2-propandiol and an increase of the reaction temperature till 120 ºC was applied to result 
in a soluble product, which contained cyclic imide groups with two hydroxyl groups per 
unit (Scheme 3.6). 
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Scheme 3.6: Modification of CAP22 copolymer with 3-amino-1,2-propandiol. 
 
Scheme 3.7: Grafting of 2-amino-2-(hydroxymethyl)-1,3-propanediol onto CAP22 copolymer. 
The conversion of these modification reactions was monitored with the help of FTIR 
spectroscopy and was found to be close to 100% for (CAP22-(OH)2).  To increase the 
hydrophilic fraction in the fluoropolymers, grafting of 2-amino-2-(hydroxymethyl)-1,3-
propanediol onto P[MAH-co-FMA] polymer was accomplished (Scheme 3.7). As in the 
case of fluoropolymer modification with 3-amino-1,2-propandiol, the reaction with 2-
amino-2-(hydroxymethyl)-1,3-propanediol at room temperature lead to a crosslinked 
product. After an excess of 2-amino-2-(hydroxymethyl)-1,3-propanediol was used and the 
temperature of the reaction was increased to 120°C, a noncrosslinked  product containing 
cyclic imide moieties bearing three hydroxyl groups per modified anhydride unit was 
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obtained (CAP22-(OH)3). The modification of P[MAH-co-FMA] polymer with Jeffamine 
M-600 and Jeffamine M-1000 was carried out in an analogous procedure (Scheme 3.8; 
Scheme 3.9). “M Jeffamines” are mono – amino terminated copolymers of ethylene oxide 
and propylene oxide. Jeffamine M-600 consists of 9 PO, and 1 EO units while Jeffamine M-
1000 consist of 22 repeat units, three of them PO, randomly distributed a long the chain. 
Hence, Jeffamine M-600 is not water soluble in contrast to M- 1000. 
 
Scheme 3.8: Grafting of Jeffamine M-600 onto the P[MAH-co-FMA] polymers CAP24 and CAP29 yield 
polymers CAP24-JM600, and CAP29-JM600. 
 
The “grafting onto” of Jeffamines was done at 80ºC in order to keep the amic-acid structure 
that should increase the polymer solubility in water in comparison to the polymer which 
would hold cyclic imide fragments instead. 1H-NMR spectra of the modified fluoropolymers 
can be seen in Figure 3.31 and Figure 3.32. 
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0.01.02.03.04.05.0  
Figure 3.31: 1H-NMR spectrum of CAP29-JM600 in acetone-d6. 
0.01.02.03.04.05.0  
Figure 3.32: 1H-NMR spectrum of CAP29-JM1000 in acetone-d6. 
 
Chapter 3 
_________________________________________________________________________________________________________________ 
 
 94
Nevertheless, fluoropolymers modified with Jeffamine M-600 were still not soluble in water 
even at high degree of grafting (close to 100 %) obviously because of the water insolubility 
of the side chain. In contrast, fluoropolymers grafted with Jeffamine M-1000 (CAP22-
JM1000, CAP24-JM1000, CAP29-JM1000, which consists of nineteen ethylene oxide 
segments, formed clear solutions in water at a polymer content of 1 wt%. The anhydride 
units modification of CAP29 with Jeffamine M-1000 with DM = 65% resulted in CAP29-
0.75JM1000. The modified fluoropolymer did not become water soluble, but the solubility 
in ethanol was achieved instead. 
 
Scheme 3.9: Modification of P[MAH-co-FMA] polymer with Jeffamine M-1000. 
 
Since the Jeffamine M-1000 modified fluoropolymers also became soluble in organic 
solvents, it was possible to perform GPC analysis and determine their molecular weights. 
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Figure 3.33: GPC chromatograms of CAP29-JM (______) ( and CAP24-JM ( … … . . )  measured in DMF. 
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Figure 3.34: GPC chromatogram of CAP22-JM (______) measured in DMF. 
 
Chapter 3 
_________________________________________________________________________________________________________________ 
 
 96
The CAP29-JM and CAP24-JM GPC chromatograms showed monomodal molecular 
weight distribution and relatively narrow (for free radical polymerization) polydispersity, 
while CAP22-JM GPC chromatogram demonstrated bimodal molecular weight distribution 
with significantly higher polydispersity (Figure 3.33 and.Figure 3.34). 
The data on molecular weights of fluoropolymers with different fractions of Jeffamine 
moieties are summarized in Table 3.21. 
 
Table 3.21: The data on the compositions, yields, and molecular weights of Jeffamine M-1000 modified 
P[MAH-co-FMA] copolymers. 
Sample 
code 
Fmodified 
anhydride 
[mol%] 
FFMA 
[mol%] 
Yield 
[%] 
Mn 






mol
kg  
Mw 






mol
kg  
PDI GPC 
solvent 
CAP29-JM 29 71 91 74.8 83.1 1.11 DMF 
CAP24-JM 24 76 87 146.1 168.1 1.15 DMF 
CAP22-JM 22 78 89 284.8 529.2 1.86 DMF 
 
The GPC data of the fluoropolymers with higher fractions of modified anhydride moieties 
showed lower molecular weights. Those findings coincide with the results of Rätzsch et. al. 
[25], who studied the copolymerization of ethyl acrylate and acrylonitrile with maleic 
anhydride and found a decrease of molecular weights of copolymers with increase of 
anhydride fractions. 
A very attractive possibility for practical applications is to modify fluoropolymers 
with PEO monomethyl ether. Since it was possible to bring fluoropolymers into the water 
phase by irreversible grafting of PEO arms onto it, the temperature controlled reversible 
grafting of PEO chains would be even more attractive. The modification of fluoropolymers 
with PEO monomethyl ether (Mn (MeO-PEO-OH) = 750 g/mol) is presented in Scheme 
3.10.  
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Scheme 3.10: Grafting of PEO monomethyl ether (Mn = 750 g/mol) onto fluoropolymer CAP29. 
 
The reaction was catalyzed with either triethylamine or titanium (IV) ethoxide in two 
parallel experiments using 1.7 times an excess of the PEO monomethyl ether. The PEO 
monomethyl ether did not readily reacts with the anhydride units of the polymer. In both 
cases a complete conversion of the anhydride moieties could not be achieved even after 7 
days of reaction at room temperature. Only 15 -20 % of all anhydride groups were modified 
as revealed by 1H- NMR characterization of the products. 
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Figure 3.35: FT-IR spectra of the P[MAH-co-FMA] ( ─── ) and after  7 days of reaction with PEO 
monomethyl ether catalyzed with TEA(· · · · · · ) , and titanium (IV) ethoxide  (______). 
 
Figure 3.35 presents FT-IR spectra of nonmodified P[MAH-co-FMA] copolymer, and 
P[MAH-co-FMA] polymers modified with PEO monomethyl ether catalyzed both with 
TEA and titanium (IV) ethoxide. The peaks at 2875 and 1471 cm-1 that corresponds to the 
stretching and bending vibrations of -CH2- of PEO chains appeared in the spectra of the 
modified polymers. Besides the peaks from PEO chains, the broad peak at 1600 cm-1 
belonging to carboxylate of modified anhydride moiety appeared in both spectra. The TEA 
catalyzed modified polymer spectrum holds the signals at 2739 and 2677 cm-1 that 
correspond to the C-H stretching vibrations of triethylamonium salt. Although the 
compositions of the modified polymers were determined by 1H-NMR, the FT-IR spectra 
(Figure 3.35) also shows higher intensity of anhydride bands in the polymers modified with 
PEO monomethyl catalyzed by titanium (IV) ethoxide rather than when TEA was used as a 
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catalyst after 7 days of the reaction. Due to the low PEO-contents, none of the PEO grafted 
polymer was soluble either in water or in ethanol.  However, this insolubility simplified the 
purification of the products, since the non converted fractions of PEO-OH could easily be 
removed by washing with water. 
 
Solubility in organic solvents 
 
Table 3.22 presents data on the solubility of the binary copolymers and modified binary 
copolymers in different organic solvents. For each sample a mixture from 10 mg  polymer 
and 1 mL liquid was prepared and heated overnight at 50 °C. Binary copolymers with small 
anhydride contents in the range of Fanhydride = 0.07 – 0.014 were soluble in pure fluorinated 
solvents like Freon 113 or 1,3–bis(trifluoromethyl)benzene (HFX), but copolymers with 
higher anhydride contents  required the addition of cosolvents such as MEK or acetone in 
amounts  of 20 - 30 vol % to be dissolved. Nonfluorinated organic solvents including 
acetone, DMSO, DMF, chloroform, ethanol were not able to dissolve the nonmodified 
binary copolymers. Modification of P[MAH-co-FMA] copolymer (CAP24) at r.t. with 3-
amino-1,2-propandiol resulted in crosslinked copolymers and the respective modified 
copolymers were not soluble in any of the tested solvent. The network formation probably 
happened because not only the amino group but also the hydroxyl-groups were sufficiently 
active to react with anhydride units of the polymer backbones, resulting in intermolecular 
reactions. Having discovered the instability of monoesters of P[MAH-co-FMA] at elevated 
temperatures that split off an alcohol molecule and restore anhydride functionality, whereas 
P[MAH-co-FMA] amides at the same conditions are transformed into cyclic imides, the 
reaction of CAP24 was carried out at 120 °C  with an excess of 3-amino-1,2-propandiol. 
The reaction resulted in the product, where every anhydride moiety was transformed into 
the functionality with two hydroxyl groups. The product was still not soluble in water, but 
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soluble in mixtures of DMSO: HFX; 1:5 or DMF: Freon 113; instead. The grafting of 2-
amino-2-hydroxymethyl-1,3-propandiol onto P[MAH-co-FMA] polymers at 120 °C granted 
a product where every anhydride moiety was transformed into a cyclic imide unit bearing  
three hydroxyl groups. 
 
Table 3.22: Solubility of binary as well as modified binary copolymers in organic solvents with the 
concentrations 1mg/mL. 
Sample 
code 
FFMA Fanh F mod 
 anh 
Ace- 
tone 
DMSO CHCl3 Freon 
113 
HFX DMF EtOH H2O 
CAP7 93 7 - ─ ─ ─ + + ─ ─ ─ 
CAP14 86 14 - ─ ─ ─ + + ─ ─ ─ 
CAP24 76 24 - ─ ─ ─ +a +a ─ ─ ─ 
CAP29 71 29 - ─ ─ ─ +a +a ─ ─ ─ 
ITA14 86 14 - ─ ─ ─ + + ─ ─ ─ 
ITA24 76 24 - ─ ─ ─ +a +a ─ ─ ─ 
ITA32 68 32 - ─ ─ ─ +a +a ─ ─ ─ 
CAP24-(OH)2 76 - 24 ─ +b ─ ─ ─ ─ ─ ─ 
CAP24-(OH)3 76 - 24 ─ +b ─ +c +b +c ─ ─ 
CAP24-
JM600 
76 - 24 + ─ ─ + + + ─ ─ 
CAP29-
JM600 
71 - 29 + ─ ─ + + + ─ ─ 
CAP29-
0.5JM1000 
71 18 11 ─  ─  ─ + + ─ ─ ─ 
CAP29-
0.75JM1000 
71 10 19 + + + + + + + ─ 
CAP29-
JM1000 
71 - 29 + + + + + + + + 
CAP24-
JM1000 
76 - 24 + + + + + + + + 
CAP22-
JM1000 
78 - 22 + + + + + + + ─ 
CAP29-
PEO,TEA 
71 21 8 ─ ─ ─ +a +a ─ ─ ─ 
CAP29-
PEO,Ti(OH)4 
71 23 6 ─ ─ ─ +a +a ─ ─ ─ 
a) with addition of 20 vol% of MEK; b) DMSO:HFX; 1:5; c) DMF:Freon 113; 1:3 
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This graft copolymer denoted as (CAP24-(OH)3) was the compound only soluble in DMSO: 
HFX (1:5) or DMF from all tested solvents.  Grafting of Jeffamine M-600 did not result in 
water soluble fluoropolymers as well, but fluoropolymers modified with Jeffmine M-1000 
showed solubility both in water and ethanol. The 65% modification of all MAH units in 
CAP29 fluoropolymer with Jeffamine M-1000 lead only to solubility in ethanol. The 
polymers modified with PEO monomethyl in the presence of ether TEA or titanium (IV) 
ethoxide did not show any solubility in water or ethanol, but were still soluble in fluorinated 
solvents. The small degree of modification in the range of 15- 20 % of all anhydride groups 
which is consistent in findings of [40] could be responsible for unchanged solubility 
properties of the modified fluoropolymers. 
 
 
3.4 Conclusions 
Binary copolymers of either MAH or ITA with 1H,1H,2H,2H-porfluorodecyl methacrylate 
were synthesized by free radical polymerization. First, analytical experiments were 
performed to determine the copolymerization parameters for maleic anhydride (rMAH = 0.04 
± 0.008) and perfluorooctyl methacrylate (rFMA = 4.9 ± 0.34), for itaconic anhydride (rITA = 
1.02 ± 0.4) and perfluorooctyl methacrylate (rFMA = 0.27 ± 0.019), as well as the rates of 
polymerization at low conversions. The calculated kinetic parameters, depended on the 
monomer mixture composition, were used to perform continuous addition polymerization, 
to prepare copolymers of homogenous composition in scales of about 40-50 g per batch at 
high monomer conversions. The polymerization reaction was carried out holding constant 
monomer feed compositions by precise addition of the monomers and initiator with the help 
of computer controlled syringe pumps. Copolymers of homogeneous compositions with 
different MAH (0.07 ≤ FMAH ≥ 0.29) and ITA (0.15 ≤ FITA ≥ 0.32) contents were 
successfully synthesized. It was necessary to perform the polymerization at low monomer 
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concentration in order not to affect the polymerization kinetics. A mixture of HFX : MEK 
(1:1) was used as a solvent to prevent precipitation of the produced polymers. The rate of 
polymerization of MAH binary copolymers was much higher then that of ITA binary 
copolymers at the same monomer ratios and concentrations (anhydride/FMA = 25/75; 0.30 
wt%/min instead of 0.05 wt%/min for P[MAH-co-FMA] compared to ITA-co-FMA). The 
investigation of the P[MAH-co-FMA] binary copolymers thermal properties showed the 
thermal stability to increase with growing MAH fractions in the polymers. The difference in 
the Td5 (onset temperature of the 5 % weight loss) between copolymer with 29 mol% MAH 
fraction and FMA homopolymer was more than 100 ºC. The dependence of thermal 
stability on the anhydride content in the polymer was not observed with P[ITA-co-FMA] 
binary copolymers. WAXS and SAXS studies proved formation of smectic A phases caused 
by the presence of long perfluorinated side chains in the binary copolymers. DSC 
measurements of both P[MAH-co-FMA] and P[ITA-co-FMA] binary copolymers showed 
smectic A -isotropic transitions of the perfluorinated mesogenic side chains. Anhydride 
enriched binary copolymers exhibited higher clearing temperatures. The compositions of 
P[MAH-co-FMA] and P[ITA-co-FMA] copolymers were calibrated against their clearing 
temperatures which made it possible to determine the copolymer composition from DSC 
measurements. The temperature controlled reversible reaction of alcohols or OH containing 
compounds with P[MAH-co-FMA] and P[ITA-co-FMA] copolymers was proved by DSC, 
1H-NMR and IR spectroscopy. It was elucidated that de-esterification reaction of polymeric 
esters started at temperatures above 100 °C and accelerated with the increasing temperature. 
Ternary copolymers were synthesized from the binary anhydride/FMA copolymers by 
“grafting onto” technique using amino- and hydroxyl- functionalized compounds. 
Controlling the grafting of the modified polymers one can not only influence the properties 
of the resulting ternary copolymer by the type of grafted side chainds but also by tuning the 
degree of grafting e.g. the amount of remaining succinic anhydride moieties. By grafting of 
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either allylamine or 2-hydroxyethyl methacrylate onto P[MAH-co-FMA] it was possible to 
obtain fluoropolymers with unsaturated crosslinkable side groups. The degree of 
modification was found to be 86% for allylamine and the 63 % for HEMA according to 1H-
NMR spectra. Crosslinking reactions have successfully been carried out by photochemically 
initiated free radical polymerization with photoinitiator Irgacure 819. The thermal 
decrosslinking on demand of the HEMA modified fluoropolymers is also discussed. The 
attempts to prepare water soluble fluoropolymer with crosslinkable methacrylate moieties 
by grafting of poly (ethylene glycol) methacrylate led only to small degrees of grafting (<20 
%), which was insufficient to significantly change the fluoropolymers solubility properties. 
Grafting of 3-amino-1,2-propandiol, 2-amino-2-(hydroxymethyl)-1,3-propanediol, and 
Jeffamine M-600 onto P[MAH-co-FMA] copolymers at elevated temperatures did not yield 
water soluble fluoropolymers. Nevertheless, the binary fluoropolymer modified with 
Jeffamine M-1000 formed a 1 wt% clear water solution. GPC measurements of Jeffamine 
M-1000 modified fluoropolymers showed an increase of molecular weights for 
fluoropolymers with decrease of anhydride fraction in nonmodified binary P[MAH-co-
FMA] copolymers. Modification of P[MAH-co-FMA] copolymers with PEO monomethyl 
catalyzed ether  by TEA or titanium (IV) ethoxide, resulted in only small degree of grafting 
(15-20%), even after 7 day of the reaction time. 
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Chapter 4 
 
 
 
Terpolymers of Aliphatic and Fluorinated 
Methacrylates with Anhydride 
Functionalities 
 
4.1 Introduction 
Fluorinated copolymers have found wide applications based on a number of peculiar 
properties, i.e., low surface energy, excellent thermal and chemical resistance, a low friction 
coefficient, low electrostatic loading, flame retardation and water- and oil repellency [1]. 
Modification of hydrocarbon polymers and copolymers by highly fluorinated side chains 
yields materials with improved thermal resistance as well as with oil and water repellent 
surface properties [2-12]. Because of these unique properties, fluorinated materials have 
obtained industrial importance. Preparation of fluoropolymers can be done either by 
chemical modification of already existing polymers or by homopolymerization of 
monomers like per perfluoro alkenes C2F4, C2H2F2, acrylate/methacrylates, styrenes with 
semi-fluorinated side chains. However, homopolymers do not always possess the properties 
required for certain applications and sometimes the properties of fluoropolymers must be 
fine tuned to meet the requirements in certain application area. This can be done by 
copolymerization of fluorinated monomers with other types of monomers which can 
influence the final properties of the copolymer or possess reactive groups which can be 
further modified as described in Chapter 3 of the current thesis. Since fluorinated 
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homopolymers are often expensive and degraded with difficulty in nature after disposal of 
the articles with fluoropolymers utilized in it, the copolymerization using third monomer 
could be an interesting way to reduce the amount of fluorine, and obtain cheaper and more 
environmentally friendly reactive fluoropolymers which still remain their useful properties. 
Batch free radical copolymerization produces blends of copolymers with gradually drifting 
composition due to the different reactivities of the monomers against the growing polymer 
radicals with a variety of monomer combinations.  The more reactive monomer always 
consumed first causing the remaining solution as well as the product to become gradually 
enriched in the less reactive monomer with growing conversion. Thus, the resulting 
polymeric material is a blend of copolymers with different compositions and 
microstructures. One way to overcome this problem is to continuously feed the monomers 
to the polymerization solution at the rates at which they are consumed by the 
polymerization. In this chapter the copolymerization of maleic, citraconic and itaconic acids 
anhydrides with fluorinated methacrylates as well as non-fluorinated methacrylates is 
described. The kinetics of the polymerization was studied and copolymers were obtained by 
free radical polymerization. To achieve homogeneous compositions of the copolymers the 
continuous addition polymerization technique was utilized. In order to improve the 
properties of the resulting copolymers in terms of solubility in environmentally friendly 
solvents and introduce crosslinkability, the “grafting onto” transformations of anhydride 
units in the copolymers was accomplished. Thermal properties of the synthesized polymers 
were investigated with thermogravimetric analysis and phase behavior with differential 
scanning calorimetry. 
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4.2 Experimental 
 
Methods 
1H-NMR spectra were measured in CDCl3/Freon-113 with a Bruker DRX 400 
spectrometer at 400 MHz.  Chemical shifts refer to CHCl3 the signal at 7.24 ppm. 
IR spectra were performed using KBr pellets on FT-IR NEXUS 470 (Thermo 
Nicolet, Offenbach) spectrometer with spectral resolution of 4 cm -1. Pure KBr was taken as 
baseline. 
Raman spectra were run on a FT- Raman Spectrometer RFS 100/s (Bruker Optic, 
Ettlingen) using a Neodym YAG 1064 nm laser with 200 mW, 1000 scans, with spectral 
resolution 4 cm-1.  
Size exclusion chromatography (SEC) analysis was carried out at 30 °C using a high-
performance liquid chromatography pump (ERC HPLC 6420) and a refractive index detector 
(Jasco RI-2031plus). The eluting solvent was THF with 2,6-di-tert-butyl-4-methylphenol 
(BHT) and a flow rate of 1 mL•min-1. Five columns with MZ gel (MZ SDplus) were applied. 
The length of the first column was 50 mm and 300 mm for the other four columns. The 
diameter of each column was 8 mm, the diameter of the gel particles 5 mm, and the nominal 
pore widths were 50, 50, 100, 1000, and 10000 Å, respectively. Calibration was achieved 
using narrow distributed poly(methyl methacrylate) standards (MZ-Analysentechnik GmbH 
Mainz). 
Thermogravimetric analysis (TGA) was conducted with the help of a NETZSCH TG 
209 C system. Decomposition temperatures Td were taken at a temperature at which 5% 
mass loss was detected. Data were processed with a NETZSCH Proteus Analysis program.  
Differential scanning calorimetry (DSC) was performed with a NETZSCH DSC 204 
differential scanning calorimeter. The samples were heated at a rate of 10 K/min (second 
heating run was used).  
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Elemental analysis was performed by Dr. A. Buyanovskaya from the Institute of 
Organo Element Compounds, Moscow, Russia 
XRD measurements were performed at the DUBBLE BM26B beamline of the 
European Synchrotron Radiation Facility (ESRF), Grenoble, France [13]. A wavelength of 
1.5 Å was used. The diffraction patterns on oriented samples were collected in transmission 
geometry using relatively large X-ray-sensitive Fuji image plates, which were scanned with a 
pixel size of 98 µm×98 µm. The 2D diffraction patterns of the LC films were acquired using a 
SAXS detector positioned at the end of a vacuum path approximately 1.5 m away from the 
sample. The modulus of the scattering vector in both setups, s (s = 2sinh/k, where h is the 
Bragg angle and k the wavelength), was calibrated using silver behenate. The diffraction 
patterns were collected in transmission. The sample temperature was controlled with a 
Linkam heating stage [14]. 
A zetasizer Nano series Nano-ZS (Malvern Instruments) was used for measurements 
of size, mean diameter and polydispersity of the APTES modified terpolymer agglomerates 
in ethanol with polymer concentration of 5 wt% by meant of dynamic light scattering. The 
samples were prepared by modification of terpolymers with APTES in ethanol solution with 
subsequent filtering it with a help of syringe filter CHROMAFIL® Xtra with 0.45 µm pore 
diameter.  
A Harvard Apparatus syringe pump (Pump 11) was used for the constant monomer 
addition. 
MS Excel and Origin 7.5 were used for fitting of experimental data points. 
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Materials 
1H,1H,2H,2H-perfluorodecyl methacrylate 98% (ABCR) was washed with 5% of sodium 
hydroxide, dried overnight with CaH2 and distilled at 10 mbar and 84 °C, maleic anhydride 
(99%, Aldrich), and itaconic anhydride (97%, Aldrich) were sublimed at  3 * 10 -3 mbar and 
40-50 °C, citraconic anhydride (Aldrich; CIA, 98% ) was used as received, 2-butanone 
(MEK, 99.5% Merck) was stirred over night with CaH2, distilled and stored over molecular 
sieves 4 Å under argon. 2,2’–azobisisobutyronitrile (AIBN, 98%, Merck) was recrystallized 
twice from methanol at room temperature. 1,1,2-trichlorotrifluoroethane (Freon 113, 99.8%, 
Aldrich), 1,3–bis(trifluoromethyl)benzene (HFX, 98%, ABCR) were used as received. 
 
 
Low conversion polymerization of MAH, ITA and CIA with 
perfluorodecyl methacrylate, n-butylmethacrylate and laurylmethacrylate 
 
General procedure for the synthesis of terpolymers 
(as an illustrative example for P[MAH-co-FMA-co-BuMA] (MFB-20)) 
A mixture of 36 mmol of MAH, 5.625 mmol of BuMA and 3.375 mmol of H2F8MA 
dissolved in MEK/HFX (1:1 vol : vol) to give in total 25 mL. The monomer solution was 
charged into a 50 mL two-necked round bottomed flask equipped with argon inlet, reflux 
condenser, oil bubbler as argon outlet, magnetic stirring bar and rubber septum. 5 mL of 0.9 
mmol (2 mol %) AIBN solution in MEK/HFX (1:1) was charged into a 25 mL two-necked 
flask. The reaction mixture and AIBN solution were degassed by using freeze-thaw cycles 
and filled with argon. Afterwards, the solution of monomers was heated to 60°C and 5 mL 
of AIBN solution was then injected to start the polymerization. Samples (roughly 0.5 mL) 
were taken within an hour by syringe through the septum, precipitated with 30 mL of cold 
methanol, centrifuged at 9500 rpm, for 5 min and dried at 60°C over vacuum. The rate of 
polymerization was then determined by gravimetrical method. The compositions of the 
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polymers at first minutes of polymerization were determined by 1H-NMR spectroscopy. All 
recipes on individual experiments are summarized in Table 4. 1. 
 
Table 4. 1: Low conversion polymerization recipes for ternary fluoropolymers. 
Sample 
code 
nAnh 
stock 
[mmol] 
nMA 
stock 
[mmol] 
nFMA 
stock 
[mmol] 
V 
stock 
[mL] 
AIBN 
[mmol] 
V 
AIBN 
[mL] 
MFB-20 36.00 5.625 3.375 25 0.9 5 
MFL-25 18.00 2.813 1.688 10 0.45 5 
IFB-20 2.25 12.375 7.875 10 0.45 5 
CFL-10 2.25 12.375 7.875 10 0.45 5 
 
 
Preparative polymerization at constant monomer composition 
 
Typical procedure for the synthesis of terpolymers (as an illustrative example for P[MAH-
co-FMA-co-BuMA] (MFB-20)) 
In a 250 mL three-necked flask fitted with argon-inlet and rubber seal a mixture of 36 mmol 
of MAH, 5.625 mmol of BuMA and 3.375  mmol of H2F8MA was dissolved in 25 mL of 2-
butanone/HFX (1:1 vol : vol). The solution was degassed by repeated freeze-pump-thaw 
cycles. After injection of 5 mL degassed AIBN solution, a degassed solution of monomers 
was continuously added with the help of a syringe pump at 60°C. The resulting polymer 
was precipitated with cold methanol, centrifuged at 9500 rpm, for 5 min after complete 
addition of the monomers. The purification of the polymer was done by means of three 
cycles of redissolution, precipitation and centrifugation. The resulting polymer was dried at 
60°C over vacuum. The data on the all terpolymers preparation are summarized in the 
 Table 4. 2 and Table 4. 3.    Table 4. 2Table 4. 3 
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P[MAH-co-FMA-co-BuMA] (MFB-20) 
Yield: 95%; white powder; 1H-NMR: 0.95 (3H, s, -CH2-CH3); 1.17 (3H, s, -CH-CH3); 1.44 
(2H, s, -O-CH2-CH2-CH2-); 1.65 (2H, s, -O-CH2-CH2-); 2.72 (2H, s, -O-CH2-CH2-CF2-); 
4.03 (2H, s, -O-CH2-); 4.39 (2H, s, -O-CH2-CH2-CF2-); 
13C-NMR: 14. (CH2-CH3); 19.9 (-
C-CH3 methacrylate); 31.0 (-O-CH2-CH2-); 45.5 (-CH2- backbone); 57.8 (-O-CH2-CH2-); 
65.5 (-O-CH2-CH2-CH2-); 107-125 (fluorinated carbon region); 170.1 (-C=O anhydride); 
177.7 (-C=O ester); IR (film on KBr, in ν cm -1): 2967 (νasym –CH3 aliphatic); 2941 (νasym –
CH2- aliphatic); 1861 (ν C=O anhydride); 1786 (ν C=O anhydride); 1732 (ν  C=O ester); 
1475 (σ C-H aliphatic);  1244 (ν C-F aliphatic); 1213(ν C-F aliphatic); 1116 (ν C-O-C); 737 
(σ CF3-CF2-). 
 
P[MAH-co-FMA-co-LaMA] (MFL-25) 
Yield: 98%; white powder; 1H-NMR: 0.9 (3H, s, -CH2-CH3); 1.32 (18H, s, -O-CH2-CH2-
CH2-); 1.68 (2H, s, -O-CH2-CH2-); 2.67 (2H, s, -O-CH2-CH2-CF2-); 4.11 (2H, s,-O-CH2-); 
4.48 (2H, s,-O-CH2-CH2-CF2-); 
13C-NMR:  14.8 (CH2-CH3); 23.8 (C-CH3 methacrylate); 29.5 – 30.5 (-O-CH2-CH2-CH2-); 
30.9 (-O-CH2-CH2-); 66.2 (-O-CH2-CH2-CH2-); 105-128 (fluorinated carbon region); 171.7 
(C=O andydride); 177.3 ( C=O methacrylate); IR (film on KBr, in ν cm -1): 2957 (νasym –
CH3 aliphatic); 2928 (νasym –CH2- aliphatic); 1859 (ν C=O anhydride); 1784 (ν C=O 
anhydride); 1730 (ν  C=O ester); 1470 (σ C-H aliphatic); 1243 (ν C-F aliphatic); 1215(ν C-F 
aliphatic); 737 (σ CF3-CF2-). 
 
P[ITA-co-FMA-co-BuMA] (IFB-20) 
Yield: 93%; white powder; 1H-NMR: 0.97 (3H, s, -CH2-CH3); 1.45 (2H, s, -O-CH2-CH2-
CH2-); 1.66 (2H, s, -O-CH2-CH2-); 2.73 (2H, s, -O-CH2-CH2-CF2-); 2.93 (2H, s, -CH2-C=O 
anhydrid); 4.00 (2H, s,-O-CH2-); 4.35 (2H, s,-O-CH2-CH2-CF2-); 
13C-NMR: 14.1 (CH2-
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CH3); 20.2 (-C-CH3 methacrylate); 31.1 (-O-CH2-CH2-); 45.9 (-CH2- backbone); 49.0 (-
CH2- anhydride); 57.9 (-O-CH2-CH2-); 65.6 (-O-CH2-CH2-CH2-); 107-125 (fluorinated 
carbon region); 170.4 (-C=O anhydride); 177.7 (-C=O ester); IR (film on KBr, in ν cm -1): 
2955 (νasym –CH3 aliphatic); 2926 (νasym –CH2- aliphatic); 1861 (ν C=O anhydride); 1783 (ν 
C=O anhydride); 1731 (ν  C=O ester); 1468 (σ C-H aliphatic);  1242 (ν C-F aliphatic); 1208 
(ν C-F aliphatic); 1117 (ν C-O-C); 746 (σ CF3-CF2-). 
 
P[CIA-co-FMA-co-LaMA] (CFL-10) 
Yield: 112%; white powder; 1H-NMR: 0.91 (3H, s, -CH2-CH3); 1.08 (3H, s, -C-CH3 
anhydrid); 1.33 (18H, s, -O-CH2-CH2-CH2-); 1.67 (2H, s, -O-CH2-CH2-); 2.65 (2H, s, -O-
CH2-CH2-CF2-); 3.97 (2H, s,-O-CH2-); 4.32 (2H, s,-O-CH2-CH2-CF2-); 
13C-NMR:  14.6 
(CH2-CH3);  19.7 (-C-CH3 anhydrid); 23.6 (-C-CH3 methacrylate); 29.5 – 30.5 (-O-CH2-
CH2-CH2-); 105- 125 (fluorinated carbon region); 170 (C=O andydride); 176.6 (C=O 
andydride);   177 ( C=O methacrylate); IR (film on KBr, in ν cm -1): 2955 (νasym –CH3 
aliphatic); 2927 (νasym –CH2- aliphatic); 1861 (ν C=O anhydride); 1783 (ν C=O anhydride); 
1731 (ν  C=O ester); 1468 (σ C-H aliphatic);  1241 (ν C-F aliphatic); 1208 (ν C-F aliphatic); 
746 (σ CF3-CF2). 
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Reaction of ethanol with MFB-20, MFL-25, IFB-20, CFL-10 
 
General procedure by example of MFB-20 
A 5 mL vial was charged with 30 mg of MFB-20 in 3 mL of ethanol. Then the mixture was 
stirred at 50°C for 48h until the solution became transparent. The ethanol was removed by 
vacuum evaporation, yielding the product in a form of esterified terpolymer. Ethanol was 
used as a solvent for (MFB-20, MFL-25, IFB-20), for CFL-10 a mixture of HFX:MEK (1:1) 
was used as a solvent and ethanol was added as a reactant. 
 
(MFB-20-OEt) P[MAH-co-(MAH-g-OEt)-co-BuMA-co-FMA]  
1H-NMR: 0.97 (3H, s, -CH2-CH3); 1.17 (3H, s, -CH-CH3); 1.29 (3H, s, O-CH2-CH3);1.46 
(2H, s, -O-CH2-CH2-CH2-); 1.65 (2H, s, -O-CH2-CH2-); 2.73 (2H, s, -O-CH2-CH2-CF2-); 
4.00 (2H, s, O-CH2-CH3); 4.11 (2H, s, -O-CH2-); 4.35 (2H, s, -O-CH2-CH2-CF2-);  
IR (film on KBr, in ν cm -1): 2965 (νasym –CH3 aliphatic); 2935 (νasym –CH2- aliphatic); 1736 
(ν C=O ester); 1469 (σ C-H aliphatic); 1242 (ν C-F aliphatic); 1210 (ν C-F aliphatic); 1116 
(ν C-O-C); 737 (σ CF3-CF2-). 
 
The film of esterified polymer was formed on the KBr pellet and annealed at 140°C for an 
hour.  The anhydride units in terpolymer backbone were recovered from its ethyl ester.  
IR (film on KBr, in ν cm -1): 2967 (νasym –CH3 aliphatic); 2941 (νasym –CH2- aliphatic); 1861 
(ν C=O anhydride); 1786 (ν C=O anhydride); 1732 (ν C=O ester); 1475 (σ C-H aliphatic); 
1244 (ν C-F aliphatic); 1213(ν C-F aliphatic); 1116 (ν C-O-C); 737 (σ CF3-CF2-). 
 
(MFL-25-OEt) P[MAH-co-(MAH-g-OEt)-co-LaMA-co-FMA] 
1H-NMR: 0.91 (3H, s, -CH2-CH3); 1.27 (3H, s, O-CH2-CH3); 1.33 (18H, s, -O-CH2-CH2-
CH2-); 1.69 (2H, s, -O-CH2-CH2-); 2.67 (2H, s, -O-CH2-CH2-CF2-); 4.10 (2H, s,-O-CH2-); 
4.47 (2H, s,-O-CH2-CH2-CF2-); 
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IR (film on KBr, in ν cm -1): 2955 (νasym –CH3 aliphatic); 2930 (νasym –CH2- aliphatic); 1734 
(ν  C=O ester); 1472 (σ C-H aliphatic); 1243 (ν C-F aliphatic); 1215 (ν C-F aliphatic); 737 
(σ CF3-CF2-). 
 
(IFB-20-OEt) P[ITA-co-(ITA-g-OEt)-co-BuMA-co-FMA] 
1H-NMR: 0.96 (3H, s, -CH2-CH3); 1.28 (3H, s, O-CH2-CH3); 1.45 (2H, s, -O-CH2-CH2-
CH2-); 1.66 (2H, s, -O-CH2-CH2-); 2.73 (2H, s, -O-CH2-CH2-CF2-); 2.93 (2H, s, -CH2-C=O 
anhydrid); 4.00 (2H, s,-O-CH2-); 4.10 (2H, s,-O-CH2-); 4.35 (2H, s,-O-CH2-CH2-CF2-); 
KBr, in ν cm -1): 2957 (νasym –CH3 aliphatic); 2927 (νasym –CH2- aliphatic); 1733 (ν  C=O 
ester); 1468 (σ C-H aliphatic);  1241 (ν C-F aliphatic); 1208 (ν C-F aliphatic); 1116 (ν C-O-
C); 746 (σ CF3-CF2-). 
 
(CFL-10-OEt) P[CIA-co-(CIA-g-OEt)-co-LaMA-co-FMA] 
1H-NMR: 0.92 (3H, s, -CH2-CH3); 1.09 (3H, s, -C-CH3 anhydrid); 1.26 (3H, s, O-CH2-
CH3); 1.33 (18H, s, -O-CH2-CH2-CH2-); 1.67 (2H, s, -O-CH2-CH2-); 2.65 (2H, s, -O-CH2-
CH2-CF2-); 3.97 (2H, s,-O-CH2-); 4.08 (2H, s,-O-CH2-); 4.33 (2H, s,-O-CH2-CH2-CF2-);  
IR (film on KBr, in ν cm -1): 2956 (νasym –CH3 aliphatic); 2927 (νasym –CH2- aliphatic); 1733 
(ν  C=O ester); 1468 (σ C-H aliphatic);  1242 (ν C-F aliphatic); 1210 (ν C-F aliphatic); 746 
(σ CF3-CF2). 
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Grafting of (3-aminopropyl)triethoxysilane (APTES) on MFB-20-OEt, 
MFL-25-OEt, IFB-20-OEt 
 
General procedure by example of MBF-20-OEt 
A 5 mL vial was charged with 30 mg of MFB-20-OEt in 1,5 mL of ethanol. Afterwards 5 
mg of APTES in 1,5 mL of ethanol were added and the mixture was stirred at 50 °C for 8 h. 
The products were not further isolated as they were immediately irreversibly crosslinked 
after removal of ethanol, but they were stable in the solution over two weeks. 
 
(MFB-20-APTES) P[MAH-co-(MAH-g-APTES)-co-BuMA-co-FMA]  
IR (film on KBr, in ν cm -1): 2967 (νasym –CH3 aliphatic); 2936 (νasym –CH2- aliphatic); 1732 
(ν C=O ester); 1604 (νasym –COO¯); 1392 (νsym –COO¯); 1469 (σ C-H aliphatic); 1241 (ν C-
F aliphatic); 1210(ν C-F aliphatic); 1116 (ν C-O-C); 737 (σ CF3-CF2-). 
 
The film of MFB-20-APTES was formed on the KBr pellet and heated at 160°C overnight. 
The amide units were transformed into cyclic imide moieties. 
IR (film on KBr, in ν cm -1): 2963 (νasym –CH3 aliphatic); 2935 (νasym –CH2- aliphatic); 1857 
(ν C=O anhydride); 1784 (ν C=O anhydride); 1730 (ν  C=O ester); strong peak at 1704 (ν 
C=O imide)1469 (σ C-H aliphatic) ;  1241 (ν C-F aliphatic); 1210 (ν C-F aliphatic);  1116 
(ν C-O-C); 737 (σ CF3-CF2-). 
 
MFL-25-APTES P[MAH-co-(MAH-g-APTES)-co-LaMA-co-FMA]  
IR (film on KBr, in ν cm -1): 2955 (νasym –CH3 aliphatic); 2925 (νasym –CH2- aliphatic); 1728 
(ν C=O ester); 1590 (νasym –COO¯); 1389 (νsym –COO¯); 1467 (σ C-H aliphatic); 1241 (ν C-
F aliphatic); 1211 (ν C-F aliphatic); 1115 (ν C-O-C). 
 
The film of MFL-25-APTES was formed on the KBr pellet and heated at 160°C for 90 min. 
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The amide units were transformed into cyclic imide moieties. 
IR (film on KBr, in ν cm -1): 2955 (νasym –CH3 aliphatic); 2925 (νasym –CH2- aliphatic); 1853 
(ν C=O anhydride); 1781 (ν C=O anhydride); 1726 (ν  C=O ester); strong peak at 1703 (ν 
C=O imide) 1467 (σ C-H aliphatic); 1240 (ν C-F aliphatic); 1212 (ν C-F aliphatic); 1116 (ν 
C-O-C). 
IFB-20-APTES P[ITA-co-(ITA-g-APTES)-co-BuMA-co-FMA]  
IR (film on KBr, in ν cm -1): 2957 (νasym –CH3 aliphatic); 2928 (νasym –CH2- aliphatic); 1733 
(ν C=O ester); 1610 (νasym –COO¯); 1397 (νsym –COO¯); 1471 (σ C-H aliphatic); 1241 (ν C-
F aliphatic); 1210 (ν C-F aliphatic); 1117 (ν C-O-C); 747 (σ CF3-CF2-). 
 
The film of IFB-20-APTES was formed on the KBr pellet and heated at 160°C overnight. 
The amide units were transformed into cyclic imide moieties. 
IR (film on KBr, in ν cm -1): 2958  (νasym –CH3 aliphatic); 2930 (νasym –CH2- aliphatic); 
1860 (ν C=O anhydride); 1786 (ν C=O anhydride); 1732 (ν  C=O ester); strong peak at 
1706 (ν C=O imide)1469 (σ C-H aliphatic) ;  1242 (ν C-F aliphatic); 1210 (ν C-F aliphatic);  
1117 (ν C-O-C); 745 (σ CF3-CF2-). 
 
 
Dynamic light scattering of MFB-20-APTES, MFL-25-APTES, 
IFB-20-APTES 
General procedure by example of MBF-20-APTES 
A 4 mL vial was charged with 75 mg of MFB-20-OEt in 2 mL of ethanol. Afterwards 25 
mg of APTES were added and the mixture was stirred at 50 °C overnight. 
 
The resulted solution was filtered with a help of syringe filter CHROMAFIL® Xtra with 
0.45 µm pore diameter. After preparation of the samples DLS measurements were 
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performed using disposable polystyrene cuvettes. The volume size distribution dependences 
were then derived from the obtained data. 
 
 
Reaction of aqueous ammonia with MFB-20, MFL-25, IFB-20, CFL-10 
 
General procedure by example of MFB-20 
A 5 mL vial was charged with 30 mg of MFB-20 in 3 mL of 25 % aqueous ammonia 
solution. The resulting mixture was stirred at 50°C overnight and become transparent. 
The solvent was then removed by vacuum.   
 
(MFB-20-Amm) P[MAH-co-(MAH-g-Amm)-co-BuMA-co-FMA]  
IR (film on KBr, in ν cm -1): 2967 (νasym –CH3 aliphatic); 2940 (νasym –CH2- aliphatic); 1729 
(ν C=O ester); 1600 (νasym –COO¯); 1390 (νsym –COO¯); 1472 (σ C-H aliphatic); 1241 (ν C-
F aliphatic); 1210(ν C-F aliphatic); 1116 (ν C-O-C); 737 (σ CF3-CF2-). 
 
The film of MFB-20-Amm was formed on the KBr pellet and heated at 120°C overnight. 
The anhydride units of the polymer were restored back from its ammonium salt. 
 
(MFB-20) P[MAH-co-BuMA-co-FMA]  
IR (film on KBr, in ν cm -1): 2967 (νasym –CH3 aliphatic); 2943 (νasym –CH2- aliphatic); 1861 
(ν C=O anhydride); 1788 (ν C=O anhydride); 1732 (ν C=O ester); 1475 (σ C-H aliphatic); 
1242 (ν C-F aliphatic); 1208 (ν C-F aliphatic); 1117 (ν C-O-C); 738 (σ CF3-CF2-). 
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The MFB-20, MFL-25, and IFB-20 terpolymers formed 1 wt % clear solutions with 
aqueous ammonium. 1 wt % of terpolymer CFL-10 in 25% aqueous ammonium remained 
opaque even after one week of stirring at 50ºC. 
 
 
4.3 Results and Discussion 
 
Determination of the time-conversion curves and the rates of 
polymersization 
 
In order to replace the monomers with the rates they are consumed in the course of 
polymerization, the polymerization rates at low conversions were determined. The low 
conversions terpolymers were obtained according to the Scheme 4.1. 
 
Scheme 4. 1: Ternary copolymerization of fluorinated methacrylate (FMA), n-butyl or dodecyl methacrylate, 
maleic, itaconic or citraconic anhydride. 
 
Figure 4. 1 depicts the time-conversion curves for P[ITA-co-FMA-co-BuMA] and P[CIA-
co-FMA-co-LaMA] terpolymers. 
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Figure 4. 1: Time-conversion curves for the terpolymerization of (a) (ITA, F8H2MA and BuMA) fITA = 0.10 
(n = 2.25mmol), fF8H2MA = 0.35 (n = 7.875 mmol), fBuMA = 0.55 (n = 12.375mmol) (▲) and (b) (CIA, 
F8H2MA and LaMA) fCIA = 0.10 (n = 2.25mmol), fF8H2MA = 0.35 (n = 7.875 mmol), fLaMA = 0.55 (n = 
12.375mmol) (□). The copolymerization was carried out in 15 mL MEK/HFX (1:1) at 60°C using 2 mol% 
AIBN as initiator in both cases. 
 
In diluted solutions at low conversions the polymerisation rate can be assumed to be 
constant and be approximated by linear time dependence. Like in the experiments on 
synthesis of binary copolymers described in the Chapter 3, the induction period is 
negligibly small laying in the range of 5 - 10 min. Since some time needed to establish 
steady state conditions and heating – equilibration the small induction period can indicate a 
careful performance of the polymerization experiment.  As it can be seen from Figure 4. 1, 
the rate of polymerisation was twice as large in the case of P[ITA-co-FMA-co-BuMA], 
(0.27 wt% min-1) than with P[CIA-co-FMA-co-LaMA] (0.11 wt% min-1). The Figure 4. 2 
represents the analogous time-conversion curves for P[MAH-co-FMA-co-BuMA] (0.30 
wt% min-1)  and P[MAH-co-FMA-co-LaMA] (0.21 wt% min-1)  terpolymers.  
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The tendency of lower laurylmethacrylate monomer reactivity compared to 
butylmethacrylate monomer can be observed for these terpolymers. This can probably be 
explained by smaller laurylmethacrylate activity in comparison with butylmethacrylate as a 
third comonomer. Longer alkyl side chain of laurylmethacrylate creates more sterical 
hindrance in the course of polymerization slowing its rate down. 
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Figure 4. 2: Time-conversion curve for the polymerization of (a) (MAH, F8H2MA and BuMA)  fMAH = 0.80 
(n = 36 mmol), fF8H2MA = 0.075 (n = 5.625 mmol), fBuMA = 0.125 (n = 3.375mmol) (□) and (b) (MAH, 
F8H2MA and LaMA) fMAH = 0.80 (n = 36 mmol), fF8H2MA = 0.075 (n = 5.625 mmol), fLaMA = 0.125 (n = 
3.375mmol) (▲). The copolymerization was carried out in 30 mL MEK/HFX (1:1) at 60°C initiated by 2 
mol% of AIBN in both cases. 
 
 
Polymerization at constant feedstock composition 
The experiments with binary copolymers (Chapter 3) and the literature [15]  revealed that 
the feedstock compositions with higher MAH content showed a tendency to slow the 
polymerization rates down to unacceptable low values. Hence, the terpolymerization 
reactions were performed with a total monomer concentration 1.5 mol/L that is twice as 
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high as used in the feedstock of the binary copolymers (see. Chapter 3). Although monomer 
concentration can alter the kinetic of polymerization, a relative high MAH concentration in 
the feedstock was required, to obtain terpolymers of demanded compositions. For ITA and 
CIA containing terpolymers, the polymerization rates were even slower, so higher 
concentration of monomers had to be employed in all terpolymerization experiments. All 
data concerning copolymerization conditions and polymerization rates are summarized in 
Table 4. 4. 
 
Table 4. 4: Amount of monomers and solvent (Freon 113/MEK 1:1) used to determine the kinetic parameters 
for low yield polymerization at 60°C initiated by 2 mol% of AIBN. 
Sample 
code 
Monomers fanhydride 
[mol%] 
fFMA 
[mol%] 
fcomonomer 
[mol%] 
Conc. 




L
mol  
Rp 






min
wt%  
Fig
. 
MFB-20 MAH/FMA/BuMA 80a 7.5 12.5d 1.5 0.30 20 
MFL-25 MAH/FMA/LaMA 80a 7.5 12.5e 1.5 0.21 20 
IFB-20 ITA/FMA/BuMA 10b 35 55d 1.5 0.27 21 
CFL-10 CIA/FMA/LaMA 10c 35 55e 1.5 0.11 21 
a) MAH; b) ITA; c) CIA; d) n-ButylMA e) LaurylMA 
 
It is necessary to keep each monomer concentration constant in the feedstock solution to 
achieve constant polymer compositions. Hence, each monomer must be added with the rate 
as it is consumed by polymerization. The composition of the copolymers at first minutes of 
polymerization was determined by 1H-NMR spectroscopy (Table 4. 5). The amount of the 
monomers for continuous addition was calculated from Rp (Table 4. 4) and terpolymer 
compositions at first minutes of polymerization (conversion less than 3.3 %) (Table 4. 5). 
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Table 4. 5: Terpolymer compositions at low conversions determined by 1H-NMR spectroscopy. 
Sample 
code 
FAnh 
 [%] 
FFMA 
[%] 
FMA 
[%] 
Conversion 
[%] 
MFB-20 20 32 48 0.8 
MFL-25 23 29 48 3.3 
IFB-20 21 28 51 2.1 
CFL-10 9 37 54 1.8 
 
 
Terpolymer composition determination by the example of CFL 10 prepared by continuous 
addition polymerization 
 
While anhydride units of the terpolymers do not bear the protons visible in 1H-NMR 
spectra, all terpolymers were methanolized for copolymer compositions determination. The 
three protons of copolymer methyl ester give signal at around 3.6 ppm which is perfectly 
separated from other signals enabling precise determination of the copolymer compositions 
by integration of the signals. An illustrative example of 1H-NMR spectrum of methanolized 
CFL-10 copolymer, which contains CIA/FMA/LaMA comonomers is shown in Figure 4. 3.  
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Figure 4. 3: 400 MHz 1H-NMR spectrum of monomethyl ester of CFL-10 copolymer measured in acetone-d6. 
 
The signal a) belongs to the two protons O-CH2- of the fluorinated methacrylate ester 
(FMA), b) originates from two protons O-CH2- of aliphatic methacrylate ester (LaMA), c) 
is the signal from three protons O-CH3 of monomethanolized anhydride group. The signals 
are very well separated, which allows an accurate integration of the signals. Peak areas of 
the signals a / b / c are determined to be 1 / 1.2 / 0.29. The composition of CFL -10 
terpolymer is determined using (Equation 4.2; Equation 4.3; Equation 4.4). 
FFMA =  100*
*3
2
 
ANHRFRH
RF
PAPAPA
PA
++
  (4.2) 
FLaMA = FFMA*PARH     (4.3) 
FCIA =  ANHFMA PAF *3
2     (4.4) 
 
In these equations PARF denotes the peak area of a) signal originating from two protons O-
CH2- of the fluorinated methacrylate ester (FMA). 
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PARH stands for the peak area of b) signal, originating from protons O-CH2- of 
aliphatic methacrylate ester (LaMA). 
PAANH stands for the peak area of a c) signal which belongs to three protons O-CH3 
of monomethanolized anhydride group. 
FFMA =  100*
29.0*3
2121.1
 1
++
 = 41.61 mol % 
FLaMA = 41.61*1.21 = 50.35 mol % 
FCIA =  29.0*61.41*3
2 =  8.05 mol % 
Composition of CFL-10 was found to be CIA/FMA/LaMA; 8/42/50 
 
 
Calculations of amount of monomers for continuous addition by example of the MFB-20   
(80/7.5/12.5 mol% of MAH/FMA/BuMA in the feedstock) 
 
Feedstock solution contains 36 mmol (3530 mg) of MAH, 3.375 mmol (1796 mg) of FMA 
and 5.625 mmol (800 mg) of BuMA which is in total 6126 mg of monomers. If Rp equals 
0.30 wt%/min one can calculate that every minute 18.194 mg of copolymer is produced by 
polymerization. Copolymer composition at conversion of 0.8 wt% (Table 4. 5) is 
determined to be of 19/30/51 mol% (MAH/FMA/BuMA) and therefore the molecular 
weight of the average repeat unit can be calculated as: 
Mr (POLY) = 98.08*0.19+ 532.2*0.30+142.2*0.51 = 18.6295 + 159.66 +72.522 = 250 Da 
If the molecular weight of a copolymer average repeat unit is known to be 250 Da one can 
calculate how much of MAH, FMA and BuMA is needed to synthesize 18.194 mg of MFB-
20 (the amount which is produced in a minute by the polymerization): 
in 250 g of MFB-20 - 18.6295 g of MAH in 0.018194 g of MFB-20 (the amount of the 
polymer produced in one minute) – X g of MAH 
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X (m of MAH) =  
250
6295.18*018194.0
 = 0.0013558 g  
)(MAH
dt
dm
 = 1.3558 mg/min 
in 250 g of MFB-20 – 159.66 g of FMA 
in 0.018194 g of MFB-20 (the amount of the polymer produced in one minute) – X g of 
MAH 
X (m of FMA) =  
250
 159.66*018194.0
 = 0.0116194 g   
)(FMA
dt
dm
 = 11.6294 mg/min 
in 250 g of MFB-20 – 72.522 g of BuMA 
in 0.018194 g of MFB-20 (the amount of the polymer produced in one minute) – X g of 
MAH 
X (m of BuMA) =  
250
 72.522*018194.0
 = 0.0052779 g   
)(BuMA
dt
dm
 = 5.2779 mg/min 
For continuous additions which last longer than 5 hours the amount of initiator decomposed 
in the course of the polymerisation can not be neglected. The amount of initiator which 
should be dispensed into the reaction mixture can be calculated from the (Equation 4.1). 
 
Id
I nK
dt
dn
×=    (4.1) 
nI :  an initiator amount of substance 
Kd : decomposition rate 
 
A detailed description is now given for terpolymerization at constant feedstock 
composition. Fluorinated methacrylate, anhydride and third comonomer were dissolved in a 
mixture of 2-butanone and HFX (1:1) with subsequent degassing by repeated freeze-pump-
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thaw cycles. The amounts of monomers consumed during the polymerization were 
calculated for a certain volume of monomer addition using Rp values for every terpolymer. 
The calculated monomer amounts were dissolved in 2-butanone/HFX to ensure complete 
dissolution and degassed as described before. After refilling the solution into a syringe 
under argon, it was added continuously using a syringe pump (Figure 3.12) in Chapter 3. 
During the polymerization time samples were taken from the reaction mixture, the polymer 
was isolated, methanolized, and the polymer composition was determined by 1H-NMR 
spectroscopy. In polymerization, where continuous addition time was 5 hours, the amount 
of decomposed AIBN was neglected, as the half life time of the initiator  t1/2 (AIBN) = 22.4 
h at 60 ºC [16] was smaller than the polymerization time. There is expected only minor 
change in square root of the initiator concentration which can affect the molecular weight 
and rate of copolymerization ( [ ]I ~ Mn and Rp). However, in the case of longer addition 
times further feed of initiator was performed. Initiator was also dissolved in 2-
butanone/HFX, degassed as described before and feed together with the monomers to the 
feedstock. After complete addition of the monomers, the resulting terpolymer was 
precipitated into an excess of cold methanol, centrifuged and dried under reduced pressure 
at 60 ºC for 24 h. The final copolymer compositions were determined by 1H-NMR 
spectroscopy after methanolysis as described before. The copolymer composition did not 
change significantly during the polymerization. Figure 4. 4, depicting the time dependence 
of conversion and composition, demonstrates that P[MAH-co-FMA-co-BuMA] MFB-20 
terpolymer composition exhibited only little changes in the course of the preparative 
continuous addition polymerization. The plot shows only small variations in the terpolymer 
composition upon time and conversion.  No trend can be observed, and the variations fell in 
the error margin of the 1H-NMR spectroscopic method. All prepared terpolymers contain 
relatively high amount of fluorinated methacrylate, which varies from 30 mol% in IFB – 20 
to 42 mol% in ICL – 10 that should result in highly hydro- and oleophobic substances.  
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Figure 4. 4: MFB 20 terpolymer composition and  monomer conversion during the continuous addition 
polymerization experiment. 
 
Yields were determined by dividing the amount of terpolymer obtained by the amount of 
monomers which were added continuously during the polymerization (Table 4. 2). MFB-20, 
MFL-25, IFB-20 terpolymers were obtained in high yields of 93- 98 %. The obtained yield 
for CFL -10 was 112 %. This value can result from an inaccurate calculation of the 
monomer amount for the continuous feed, influenced by the experimental error with the 
determination of Rp. Thus parameter is prone of error as a result of the very low 
polymerization rate for the mentioned monomer composition. Because of low 
polymerization rate, the yields of the polymer produced in the pilot reactions were low, 
hence the absolute amount of polymer in aliquot sample was not sufficiently high to 
measure the monomer conversion with high precision. The 1H-NMR spectra of all 
terpolymers prepared by continuous feed are shown in Figure 4. 5; Figure 4. 6; Figure 4. 7 
and Figure 4. 8. 
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0.01.02.03.04.0  
Figure 4. 5: 400 MHz 1H-NMR spectrum of  MFL-25 copolymer measured in  acetone-d6. 
 
0.01.02.03.04.0  
Figure 4. 6: 400 MHz 1H-NMR spectrum of MFB-20 copolymer measured in acetone-d6 (* - H2O). 
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1.02.03.04.0  
Figure 4. 7: 400 MHz 1H-NMR spectrum of CFL-10 copolymer measured in acetone-d6. 
 
1.02.03.04.0  
Figure 4. 8: 400 MHz 1H-NMR spectrum of IFB-20 copolymer measured in acetone-d6. 
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Molecular weights 
The molecular weights of the obtained terpolymers were determined by GPC in THF as the 
mobile phase using a relative calibration with narrow PMMA standards. Detection was 
done by means of a UV-detector. The data on terpolymers compositions and molecular 
weights are listed in Table 4. 6. 
 
Table 4. 6: Polymer composition, molecular weights and polydispersity indices of the synthesized ternary 
copolymers. The polymer composition was determined by 1H-NMR spectroscopy. 
Sample 
code 
Fanhydride 
[mol%] 
FFMA 
[mol%] 
Fcomonomer 
[mol%] 
Yield 
[%] 
Mn 






mol
kg  
Mw 






mol
kg  
PDI GPC 
solvent 
MFB-20 20a 33 47d 95 28.7 44.7 1.56 THF 
MFL-25 25a 31 44e 98 40.5 79.4 1.96 THF 
IFB-20 20b 30 50d 93 38.7 57.6 1.49 THF 
CFL-10 8c 42 50e 112 70.6 137.3 1.94 THF 
a) MAH; b) ITA; c) CIA; d) n-ButylMA e) LaurylMA 
 
 
Thermal analysis 
Thermal analysis of the synthesised terpolymers was carried out with the help of 
thermogravimetric analysis and differential scanning calorimerty. DSC measurements of all 
prepared terpolymers (Figure 4. 9) showed only a glass transitions and no melting or 
clearing signal in contrast to the smectic-isontropic transitions observed with binary 
P[MAH-co-FMA] and P[ITA-co-FMA] copolymers caused by mesogenic rod like 
perfluorinated methacrylate side chains ( see Chapter 3 ). The thermal behaviour of the 
terpolymers can be explained by the presence of soft alkyl chains in the terpolymers 
backbone, which do not behave like the fluorinated rigid rod moieties, and prevented the 
formation of ordered structures. Micro phase segregation between fluorinated and non 
fluorinated phases which can cause LC like behaviour cannot strictly be excluded from 
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DSC results, because the generated micro domains may cause almost athermal 
mixing/transition phenomena.  
A
B
C
50 100
En
do
Temperature [°C]
En
do
En
do
En
do
D
 
Figure 4. 9: DSC thermogram of  (A) – IFB-20; (B) – MFB-20; (C) – CFL-10; (D) – MFL-25 (the second 
heating run at 10 K/min). 
 
Table 4. 7: Thermogravimetric analysis of fluorinated terpolymers, the second heating run is shown. 
Sample 
code 
Fanhydride  FFMA FCxMA Tg 
[ºC] 
Td1 
[ºC] 
Td5 
[ºC] 
MFB-20 20a 33 47d 83 259 290 
MFL-25 25a 31 44e 67 260 295 
IFB-20 20b 30 50d 70 119 244 
CFL-10 8c 42 50e 31 119 234 
a) MAH; b) ITA; c) CIA; d) n-BuMA; e) LaMA 
Td1 – temperature at 1% mass loss; Td5 – temperature at 5% mass loss 
 
The polymers containing lauryl methacrylate moieties showed lower glass transition 
temperature compared to polymers having butyl methacrylate fragments. The increasing of 
the chain length in the copolymer backbone leads to a decrease of Tg. The rise of the side 
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chain length increases a free volume and decreases cohesive energy density (CED) through 
their effect on packing of the chains, hence Tg is lowered.  Investigating the effect of chain 
length on Tg in polymethacrylates, S. Rogers and L. Mandelkern observed decrease of Tg 
with increase of the side chain length [17]. They calculated cohesive energy densities for 
series of polymethacrylates and reported decease of CED with increase of carbon atoms 
number in side chains of the polymers. Higher glass transition temperatures were found in 
copolymers containing higher anhydride fractions. These observations can be explained by 
increase of chain flexibility with decrease of anhydride content in the copolymers[18-22]. 
The dependence of anhydride content on chain flexibility can be found in [23-25]. 
Thermogravimetric curves of the four terpolymers are shown in the Figure 4. 10. For 
polymers containing maleic anhydride moieties, degradation in one step was observed. In 
addition, the maleic anhydride containing polymers showed rather high decomposition 
temperatures at 5 wt % loss which is 290°C for MFB-20 and 295°C for MFL-25, 
correspondingly. The terpolymers with itaconic and citraconic anhydride fractions showed 
significantly lower thermal stability. In such copolymers, Td1 is about 140°C less then in 
maleic anhydride containing terpolymers. 
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Figure 4. 10: Thermogravimetric analysis of fluorinated terpolymers performed under nitrogen atmosphere.  
CFL-10 (· ─ · ), IFB-20 ( ─  ─  ─  ), MFB-20 (____), MFL-25 (· · · · · ). 
 
Solubility in organic solvents and water 
Qualitative data on the solubility of the terpolymers in different organic solvents are listed 
in Table 4. 8.  For each sample a mixture from 10 mg of polymers and 1 mL of solvent was 
prepared and heated overnight at 50 °C. It is evident that the solubility depends strongly on 
the composition of the polymers. Ternary polymers with anhydride contents in the range of 
Fanhydride = 0.20 – 0.25 were soluble in fluorinated solvents like Freon 113 or 1,3–
bis(trifluoromethyl)benzene (HFX) as well as organic nonfluorinated solvents including 
THF, chloroform, acetone with an exception of ethanol, dimethylformamide, 
dimethylacetamide.  The terpolymer with a low content of anhydride Fanhydride = 0.08 (CFL-
10) was not even soluble in acetone, but solubility was achieved by addition of Freon 113. 
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While solubility is a crucial criterion for further processing of the polymer, it is highly 
desirable to obtain fluoropolymers that are soluble in environmentally friendly solvents 
such as ethanol, water or their mixtures. All fluorinated terpolymers needed to be 
chemically modified to achieve solubility in the preferred solvents. It is shown in Scheme 
4.2 and Scheme 4. 3 that the anhydride units of all terpolymers were modified either with 
ammonia or (3-aminopropyl) triethoxysilane (APTES) to modify their solution properties. 
 
Table 4. 8: Solubitity of ternary copolymers in organic solvents with the concentrations 1mg/mL. 
Sample 
code 
FFMA Fanhydride F CxMA Acetone THF Freon 
113 
HFX DMF EtOH H2O 
MFB-20 33 20a 47d + + + + –– –– –– 
MFL-25 31 25a 44e + + + + –– –– –– 
IFB-20 28 21b 51d + + + + –– –– –– 
CFL-10 42 8c 50e –– + + + –– –– –– 
MFB-20-OEt 33 20a,f 47d + + –– –– –– + –– 
MFL-25-OEt 31 25a,f 44e + + –– –– –– + –– 
IFB-20-OEt 28 21b,f 51d + + –– –– –– + –– 
CFL-10-OEt 42 8c,f 50e –– + + + –– –– –– 
MFB-20-APTES 33 20a,g 47d n/a n/a n/a n/a n/a +h +j 
MFL-25-APTES 31 25a,g 44e n/a n/a n/a n/a n/a +h +k 
IFB-20-APTES 28 21b,g 51d n/a n/a n/a n/a n/a +h +j 
CFL-10-APTES 42 8c,g 50e n/a n/a n/a n/a n/a –– –– 
MFB-20-Amm 33 20a,i 47d + + –– –– –– –– + 
MFL-25-Amm 31 25a,i 44e + + –– –– –– + + 
IFB-20-Amm 28 21b,i 51d + + –– –– –– –– + 
CFL-10-Amm 42 8c,i 50e –– + + + –– –– –– 
a) MAH; b) ITA; c) CIA; d) n-ButylMA; e) LaurylMA; f)modified with ethanol; g) modified with 
APTES; h) soluble up to 30 wt %; i) modified with ammonia; j) with addition of 20 vol-% of ethanol;  
k) with addition of 50 vol % of ethanol. 
 
The modification of MFB-20, MFL-25, IFB-20 terpolymers containing 20-25 mol% of 
anhydride with APTES, resulted in its solubility in ethanol, and 1: 5 ethanol/water mixtures. 
The terpolymers MFB-20, MFL-25, IFB-20, reacted with aqueous ammonia become soluble 
in water and only MFL-25 was soluble both in water and in ethanol. The modification of 
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CFL-10, bearing only 8 mol % of anhydride units both with APTES and ammonia did not 
result in any solubility neither in ethanol, water nor in water/ethanol mixtures (Table 4. 8).  
 
 
Scheme 4.2: Preparation of water soluble fluoropolymers via modification of  Anh/FMA/RHMA terpolymers 
with aqueous ammonia. 
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Scheme 4. 3: Grafting of 3-aminopropyltrisethoxy silane (APTES) on fluorinated terpolymers. 
 
The fluoropolymers modified with ammonia and processed from water and ethanol 
solutions lost their solubility upon annealing because of restoration of anhydride moieties in 
the polymers from its ammonia salt. The polymers modified with APTES and processed 
from water ethanol mixtures were immediately cosslinked after their processing into films 
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and evaporation of the solvents. Modification of the fluoropolymers with ammonia and 
APTES made it possible to bring the fluoropolymers into water and ethanol phases, but 
furthermore allowed the chemical fixation of the polymer films on surfaces. 
 
 
Dynamic light scattering of APTES modified terpolymers in ethanol 
The state of 5 wt% of ethanol soluble MFB-20-APTES, MFL-25-APTES, IFB-20-APTES 
terpolymers solutions were studied with a help of DLS. Volume size distributions of the 
investigated solutions showed some polymer particles in the range of 1.6 – 2.1 nm (Figure 
4. 11). The detected particles can be either precrosslinked terpolymer agglomerates or 
polymer coils themselves. 
0 1 2 3 4 5
 
Sizes [nm]
 
 
 
Figure 4. 11: Volume size distribution derived from DLS measurements for 5 wt% APTES modified 
terpolymers in ethanol. IFB-20-APTES ( ─  ─  ─  ) Øav = 1.6 nm, MFB-20-APTES (
____)  Øav = 1.6 nm, MFL-25-
APTES (· · · · · ) Øav = 2.1 nm. 
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4.4 Conclusions 
Ternary copolymers of either MAH, ITA or CIA with 1H,1H,2H,2H-perfluorodecyl, n-
butyl or lauryl methacrylates were synthesized by free radial polymerization. First, 
analytical experiments were performed to determine the copolymerization rates. MAH, 
FMA, and LaMA terpolymers showed slower Rp (0.21 wt%/min) than MAH, FMA and 
BuMA terpolymers (0.30 wt%/min) at feedstock concentration of 1.5 mol/L and MAH/ 
FMA/RHMA equals 80/7.5/12.5. The polymerization rate of ITA, FMA and BuMA at 
feedstock concentration of 1.5 mol/L and monomer ratios of ITA/FMA/BuMA which 
equals 10/35/55 was 0.27 wt%/min while Rp of CIA, FMA, and LaMA at the same 
monomer ratios and concentration was 0.11 wt%/min. The determined polymerization rates 
were used to perform continuous addition polymerization, to prepare terpolymers of 
homogenous composition in larger scales (about 5-10 g per batch) at high monomer 
conversions (≥93%). The polymerization was performed keeping constant monomer feed 
compositions by precise addition of the monomers and initiator with the help of computer 
controlled syringe pumps. Copolymers of homogeneous compositions with different 
anhydride (0.08 ≤ FANH ≥ 0.25) contents were successfully synthesized. It was necessary to 
perform the polymerization at low monomer concentration in order not to affect the kinetics 
of the polymerization. A mixture of HFX : MEK (1:1) was used as a solvent to prevent 
precipitation of the produced polymers. The investigation of the terpolymer thermal 
properties revealed that terpolymers with 20% of maleic anhydride content showed Td1 
140ºC higher then 20% ITA containing terpolymers. DSC measurements of all terpolymers 
showed glass transition temperatures. Terpolymers with lauryl alkyl side chains exhibited 
lower glass transition temperatures then terpolymers with butyl side chains even containing 
higher anhydride fractions. The anhydride moieties of the obtained terpolymers were 
modified with either APTES or ammonia in order to induce solubility in water or 
water/alcohol mixtures. MFB-20, MFL-25 and IFB-20 fluoropolymers modified with 
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APTES could form 1 wt% ethanol or ethanol/water solutions, whereas modification with 
ammonia resulted in water borne fluoropolymers. APTES modified polymers formed 
crosslinked films when deposited on surfaces from ethanol/water solutions. DLS 
measurement of 5 wt% APTES modified MFB-20, MFL-25 and IFB-20 terpolymers in 
ethanol revealed the existence of polymer particles with mean particle size in the range of 
1.6-2.1 nm in solution. The elaborated fluoropolymers could be of great interest for forming 
low surface energy coatings from environmentally friendly solvents and be utilized in 
different industrial applications. 
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Chapter 5 
 
 
 
Application of Specifically Tailored 
Fluoropolymers 
 
 
5.1 Introduction 
Due to their unique thermal, oxidative, chemical and photochemical stability fluorinated or 
partially fluorinated polymers have been widely used for the durable protective coatings of 
stone monuments [1, 2], in automotive industry [3-5], medical instruments, textiles, and 
clothing [6-8] where all the useful properties of fluorinated polymers can be fully utilized. 
The surface properties of semifluorinated polymers depend on the coverage of the surface 
by fluorocarbon chains, and also on the degree of ordering of these chains. Self-assembled 
monolayers of fluorocarbon chain molecules generating a surface formed by close-packed 
trifluoromethyl groups, possess the lowest surface energy attainable [9]. Similarly, 
macromolecules with pendant perfluoroalkyl groups which are oriented to the surface can 
form highly ordered ultra low energy surfaces if the side chains are long enough to form a 
smectic phase above the room temperature. Examples are polystyrene modified with 
perfluorodecyl side groups and poly (methyl methacrylate) with fluorinated side chains 
larger than perfluorobutyl [10-12]. The most important difference between low and high 
molecular weight compounds originate from the elastic free energy contribution upon 
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deformation of the polymer chain confined to and interface, the slow relaxation times of 
macromolecules and long range steric effects [13, 14]. 
The high price of the fluorinated monomers and polymers, the toxicity, volatility and the 
environmental hazard of organic solvents limit the application of fluorinated polymers. 
Perfluorinated surfactants and polymers can only be dissolved in organic or even fluorinated 
solvents. Especially fluoro chloro hydrocarbons like Freon 113 are banned because of their 
strong ozone depletion potential.  New technologies must be developed to reduce or replace 
millions of tons of organic and halogenated solvents that are used worldwide each year as 
process aids, cleaning agents, dispersants and solvents. Replacement of hazardous and 
expensive organic solvents by cheap and environmentally friendly solvents such as water, 
ethanol, and their mixtures for processing of fluoropolymers, keeping all their useful 
properties in produced articles, is an interesting challenge for practical applications. 
For example, aluminum is an important constructive material in variety of industries. For 
practical applications it is desired to elaborate aluminum surfaces with antiicing, 
antifouling, water and soil repellency, atmospheric corrosion resistance coatings. There are 
plenty of methods and techniques of superhydrophobic coating preparation on aluminum 
described in a literature. Most of them are two step processes including roughening of the 
surface by chemical reactions [15], electrochemical etching [16, 17], chemical etching [18-
20], sand blasting [18], immersion in  a boiled water [21] and then an application of 
fluorocontaining compounds onto the rough surface. Single step techniques are also 
reported [22-24]. 
The present chapter reports an application of modified binary MAH-co-FMA 
fluoropolymers (synthesis described in Chapter 3) and terpolymers, both modified and 
nonmodified (synthesis described in Chapter 4) processed from water, ethanol, water 
ammonia solutions and water/ethanol mixtures. These applications include the 
manufacturing of superhydrophobic/oleophobic coatings on different articles such as glass, 
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PA and Polyester carpets, textiles and aluminum plates using a combination of 
fluoropolymers and silica nanoparticles, the fabrication of superhydrophobic paper by 
electrospraying technique from ethanol as well as attempts to obtain crosslinked nanofibers 
from fluoropolymers using the electrospinning technique. 
 
 
5.2 Experimental 
 
Materials 
Tetraethyl orthosilicate (TEOS p.a., Merck), (3-aminopropyl)triethoxysilane (APTES 97%, 
ABCR), ethanol with a water content of 0.2 % (99.8%, Merck), 1,1,2-
Trichlorotrifluoroethane (Freon 113, 99.8%, Aldrich), 1,3 –bis(trifluoromethyl)benzene 
(HFX, 98%, ABCR) aqueous ammonia (25% water solution, KMF) were used as received.  
 
Methods 
A electrospinning setup was used for fabrication of nanostructured model surfaces and 
attempts of nanofiber production, which consists of a Harvard Apparatus syringe pump 
(Pump 11) for continuous dispensing of the spinning solution, a high voltage generator 
(Eltex KNH34, Prim 1N~ 230V 50/60 Hz; U out: 0~ 30kV DC; I out: max 5A) for 
generation of high voltage and metallic electrodes of different shapes and performance. 
(aluminum roller with regulated rotation speed, and firm mounted square electrode made of 
aluminum   sheet). 
SEM (Scanning Electron Microscopy) was performed on a Hitachi S-3000 N 
microscope together with Edwards Sputter Coater S150 B for sputtering with gold. 
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AFM (Atomic Force Microscopy) samples were prepared by solvent casting from a 
dilute solution of the polymer in Freon 113, with a weight concentration of 1 wt %, onto a 
silicon substrate. The AFM images were taken with a Nanoscope MultiMode III (Veeco) 
operated in a tapping mode. The measurements were performed at ambient conditions using 
Si cantilevers with a spring constant of ca. 40 N/m and a resonance frequency of about 320 
kHz. 
TEM (Transmission Electron Microscopy) measurements, carried out with the help 
of a LIBRA® 120 microscope, (Magnification: 8- 630000×; acceleration voltage: 40 - 
120kV in 20 kV steps) using Cu grids (PLANO 300 mesh Formvar/Carbon film 3.05 mm) 
were used for investigation of morphology, size and polydispersity of the nanoparticles. The 
samples were prepared by dropping of nanoparticle diluted ethanol dispersions on the Cu 
grids with subsequent evaporation of the solvent. 
A zetasizer Nano series Nano-ZS (Malvern Instruments) was used for measurements 
of size, mean diameter and polydispersity of the nanoparticles in water with particles 
concentration of 1*10-4 wt %. The samples were prepared by dispersion of the necessary 
amount of silica nanoparticles in double distilled water filtered with a help of syringe filter 
CHROMAFIL® Xtra with 0.45 µm pore diameter and its dilution to the desired 
concentration.  
Imaging Ellipsometer mm 30 series from omt- optische messtechnik Gmbh with 
following specifications was used. Material: Sheet steel/Aluminium; External dimensions 
[mm] (LWH): Controller 340240185, Ellipsometer 260660405; Temperature 
range during operation 20º – 30°C; Current supply: 100 – 230 V, 47 – 63 Hz; Fuse: 5A, M; 
Interference filter: 640 nm. 
XPS (X-ray Photoelectron Spectroscopy) measurements were carried out on an Ultra 
Axis
TM spectrometer, (manufactor: Kratos Analytical, Manchester, UK). The samples were 
irradiated with monoenergetic Al Kα1,2 radiation (1486.6 eV) and the spectra were taken at 
Application of Specifically Tailored Fluoropolymers 
_________________________________________________________________________________________________________________ 
 
 149
a power of 144 W (12 kV x 12 mA). The aliphatic carbon (C-C, C-H) at a binding energy of 
285 eV (C 1s photoline) was used to determine the charging. The spectral resolution - i.e. 
the full width of half maximum (FWHM) of the ester carbon from PET - was better than 
0.68 eV for the elemental spectra. The elemental concentration is given in atom %, but it 
should be considered that this method can detect all elements except hydrogen and helium. 
Therefore, the determination of the composition does not consider both these elements. The 
information depth is about 10 nm nanometers for polymers. 
IR spectra were measured on a FT-IR NEXUS 470 (Thermo Nicolet Offenbach) 
spectrometer with spectral resolution of 4 cm-1. The spectrum of pure KBr was taken as 
baseline. The samples were prepared as films on KBr pellets formed from polymer 
solutions. 
BANDELIN SONOREX RK 52 H ultra sound bath with power of 120 W was used 
for substrate preparation. 
Coatings were formed from 1 wt% polymer solutions by using CONVAC 1001S 
spin-coating apparatus at 2500 rpm and 60 sec. After full coverage of a substrate at 
(approximately 1 mL of solution per 5 cm2 of a substrate) with the polymer solution the spin 
coating apparatus was started.  
Measurement of equilibrium contact angles were carried out by the sessile drop 
method using a G 40 (Krüss GmbH) contact angle measuring instrument with separate 500 
µL syringes for each wetting liquid . Dodecane and water were used as wetting liquids. 5 µL 
droplets were used for each wetting liquid. The instrument measured three droplets in every 
experiment calculating an average value from 10 contact angle measurements per droplet. 
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Synthesis of silica nanoparticles 
 
General procedure (The Stöber synthetic method [25]) 
The required amount of tetraethyl orthosilicate (TEOS) (Table 5. 1) was dissolved in ethanol 
with addition of catalytic amounts of aqueous ammonia. The resulting mixture was stirred 
with certain stirring rate overnight 16- 18 hours. The obtained silica nanoparticles were 
centrifuged with 11000 rpm for 30 min and dried at 50 °C under vacuum. The mean diameter 
and polydispersity was measured with the help of the Zetasizer Nano series.  The particles 
were then redispersed in ethanol, water, 3% aqueous ammonia and ethanol water mixtures for 
further experiments. All data on the synthesis are summarised in Table 5. 1. 
 
Table 5. 1: Data on silica nanoparticles preparation 
Exp.# VTEOS 
[mL] 
VEthanol 
[mL] 
VAmmonia 
[mL] 
Stirring 
[rpm] 
Size 
[nm] 
1 0.4 5 0.2 500 35 
2 0.4 5 0.2 250 60 
3 0.4 5 0.3 250 90 
4 0.4 5 0.4 250 120 
5 0.4 5 0.8 250 610 
6 0.4 5 1.2 250 1480 
7 0.4 5 1.6 250 2340 
 
 
Preparation of model surfaces  
 
Aluminium substrates 
One side etched aluminium substrates were cleaned with filtered air, ultra-sound in 
isopropanol for 5 min and dried with blown air. Coatings of binary fluoropolymers were 
formed using a spin coater at 1500 – 2000 rpm for 60 sec. from 2 mL of 1 wt% polymer 
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solution in HFX and Freon 113. The composite coating was formed by mixing together water 
soluble fluoropolymers with silica nanoparticles of different sizes and casting the film either 
by drop casting or by spincoating.  The obtained coating was then annealed at 140ºC for 3 
hours. 
 
Glass substrates 
Highly hydrophilic glass with a contact angle of about 30° against water was cleaned with 
help of an ultra-sound bath in isopropanol for 3 min, using fordrying filtered air. Coatings of 
M Jeffamine modified fluorinated binary copolymers were formed (for synthesis see Chapter 
3) with the help of a spin coater at 1500 – 2000 rpm for 60 sec. from 2 mL of a 1 wt% 
polymer solution in water. The obtained coating was then annealed at 140ºC for 3 hours. 
 
Silicon substrates 
The silicon wafer was cut into pieces of 10 mm ×15 mm with a diamond knife and cleaned 
with filtered air. Then, the surface of the wafer was cleaned by means of an ultra-sound  bath 
in isopropanol for 3 min and dried with filtered air. Afterwards, the wafer was placed into a 
UV/ozone chamber with an oxygen flow of about 500-600 cm3 /min for additional cleaning 
and activation. At the end of all preparation procedures the silicon wafer was clean and 
completely hydrophilic as found by contact angles against H2O below the detection limit of 
10°. Coatings of the binary fluoropolymers were carried out from HFX and Freon 113 with 1 
wt% of polymer concentration by means of the dip coating technique with different dipping 
speeds. Coatings of APTES modified fluorinated terpolymers were carried out with the help 
of a spin coater at 3500 rpm for 60 sec. from 2 mL of 1 wt% polymer solution in water with 
addition of 20 vol% of ethanol. 
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Paper substrates 
The paper sheets with dimensions of 100 mm ×100 mm were cleaned by filtered air blow 
and fixed with a double side sticky tape on the aluminum electrode which consisted of a 
square metallic plate 100 mm ×100 mm and workholder (Figure 5. 1). The collection 
electrode is mounted into the electro spraying setup (Figure 5. 2). 
 
 
Figure 5. 1: Collection electrode for electrospraying which is a part of the electrospraying device 
 
 
Figure 5. 2: Electrospraying setup consisting of a) high voltage generator; b) syringe pump for dispensing the 
spraying solution; c) syringe with spraying solution; d) exchangeable collection electrode; e) electrospraying 
setup housing. 
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Electrospraying was carried out with varying process parameters such as distance between 
the electrodes (needle of the syringe with a spinning solution and the collection electrode), 
concentration of the spraying solution and dispensing rate (Table 5. 2). No further thermal 
treatment was applied. The sponge like nanostructured superhydrophobic paper was 
prepared from 5 wt % MFB 20- APTES ethanol solution, at 20 kV, 0.1 mL/h dispensing 
rate and 15 cm distance between electrodes. All the data on electrospraying/spinning 
experiments are summarized in Table 5. 2. 
 
Table 5. 2: Electrospinning conditions of MBF-20-APTES from 20 vol % ethanol water solution, at an 
applied voltage of 20 kV. 
Code Concentration of 
spinning solution 
[wt%] 
Dispensing rate,  
[ml/h] 
Distance to 
electrode, 
[cm] 
A1 5 0.1 20 
A2 20 0.5 20 
A3 20 0.1 15 
A4 20 0.1 10 
A5 5 0.1 15 
B1 10 0.1 15 
B2 10 0.1 20 
B3 20 0.3 15 
B4 10 0.1 10 
 
Fabric (polyamide, cellulose: polyester 1:1) and carpet (polyamide, polyester) 
The fabrics and carpets were washed with hot distilled water to remove dust and dirt particles.  
Then the substrate was impregnated with an ethanolic solution of fluoropolymers (some 
compositions included silica nanoparticles), squeezed between two glass plates to remove the 
excess of liquor and dried. The substrates were then treated in the oven at 140ºC for 3 hours. 
The data on fabric and carpet treatment are shown in Table 5. 3. 
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Table 5. 3: Data on carpets and fabrics treatment with fluoropolymers both with 200 nm silica nanoparticles 
and with sole fluoropolymers solution in ethanol. 
# Substrate Polymer 
 
Conc. 
of polymer 
[wt%] 
Conc.of 
 nanopart. 
[wt%] 
1 Fabric (cellulose : polyester (1:1)) MFB-20-APTES 0.5 1 
2 Carpet (polyester) MFB-20-APTES 0.5 0.5 
3 Fabric (polyamide) MFL-25-OEt 1 - 
4 Carpet (polyamide) MFB-20-OEt 1 - 
 
 
5.3 Results and Discussion 
 
Synthesis of silica nanoparticles 
Preparation of superhydrophobic articles requires fabrication of durable coatings with high 
roughness, which decreases contact area between treated surface and water droplet. Silica 
nanoparticles of different sizes are believed to be cheap and efficient candidates for the role 
to enhance coating roughness and durability. The Stöber synthetic procedure was employed 
for preparation of the nanoparticles [25]. The experimental results revealed the dependence 
of the ammonia concentration on the final size of the nanoparticles which was in agreement 
with [26]. Higher ammonia content in the system resulted in larger size of the particles. It 
was also found that rate of stirring plays an important role in the process. For example 
experiments #1 and #2 (Table 5. 1) were carried out under similar conditions except from 
the stirring rate. As result of increasing the stirring rate by a factor of two the particles with 
half the diameters were produced. In an experiment # 1 (Table 5. 1) too vigorous stirring 
resulted in structures consisting of small nanoparticles that formed branched networks. The 
particles were connected via small bridges which indicate agglomeration (Figure 5. 3 (B)). 
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Figure 5. 3: TEM images of  silica Stöber nanoparticles (A) – with 90 nm average diameter prepared at a 
stirring rate of 250 rpm, (B) – with 35 nm average diameter prepared at stirring rate of 500 rpm. 
 
The size and polydispersity of the particles were determined by means of dynamic light 
scattering. The measured particle diameter distributions as obtained from samples # 1-4 are 
depicted in Figure 5. 4. Except from sample #1 the particles exhibited very narrow 
distributions (PDI = 1.10-1.21), the diameters could be controlled between 60 and 120 nm. 
In experiment #1, where the stirring rate was 500 rpm, the polydispersity of the particles 
was larger (PDI = 1.52) then in the experiments with twice slower stirring rate. 
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Figure 5. 4: Diameter distribution of Stöber silica nanoparticles A) Exp. #1: Øav = 35 nm, PDI = 1.52; B) Exp. 
#2: Øav = 60 nm, PDI = 1.21; C) Exp. #3: Øav = 90 nm, PDI = 1.15; D) Exp. #4: Øav = 120, PDI = 1.10 nm as 
determined by dynamic light scattering. 
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Fabrication of model surface  
 
Aluminium and glass substrates 
In order to test the binary anhydride reactive fluorinated polymers, polymer coatings were 
prepared on glass and etched alumina substrates by means of spin coating of  2 mL of a 1 
wt% polymer solution in HFX. Contact angle measurements were performed for qualitative 
evaluation of the surface energy of the binary fluorinated polymers.  
 
Table 5. 4: Contact angle values of MAH-co-FMA copolymer coatings on aluminum and glass substrates at 
room temperature and annealed at 140°C for 3 hours. 
MAH 
content 
[ %] 
Glass at RT Glass annealed Alumina at RT Alumina annealed 
θwat 
[º] 
θMeI2 
[º] 
θdod 
[º] 
θwat 
[º] 
θMeI2 
[º] 
θdod 
[º] 
θwat 
[º] 
θMeI2 
[º] 
θdod 
[º] 
θwat 
[º] 
θMeI2 
[º] 
θdod 
[º] 
0 121 102 76 122 103 76 141 134 108 143 135 114 
7 121 100 75 121 102 75 146 133 105 148 136 110 
14 119 101 74 120 101 75 147 132 108 148 137 109 
24 119 99 73 120 101 73 148 136 110 149 136 111 
29 118 98 69 119 101 72 147 135 104 149 136 106 
θwat – contact angle against water; θMeI2 – contact angle against diiodomethane; θdod – contact angle against 
dodecane. 
 
Water, diiodomethane and dodecane were used as wetting liquids and their advancing 
contact angle Θ was measured by means of sessile drop technique. The contact angle data of 
MAH-co-FMA copolymers is summarized in Table 5. 4. Relatively high contact angles 
(around 120°) against water were observed on flat glass substrates which  is actually about 
the maximum contact angle values that can be reached on flat surfaces [26].  
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Figure 5. 5: SEM image of the etched alumina substrate. 
 
With increasing of the MAH content in the polymers the contact angles of the polymer 
coatings on flat glass surfaces slightly diminished. Annealing of such surfaces improved the 
hydrophobicity to some extent. On etched alumina substrates the contact angle values were 
much higher than on glass. Apparently the greater roughness of the substrates (Figure 5. 5) 
diminished the contact area of the water-substrate interfaces and increased the 
hydrophobicity. It was interesting to observe a dependence of the contact angle values 
against water on the MAH content in the copolymers with the alumina substrate coatings. 
The polymers enriched in MAH showed a higher contact angle which is quite opposite to 
the observations of hydrophobicity on the glass substrate. A plausible explanation can be 
that the higher content of hydroxy groups on the alumina substrates lead to better adhesion 
of the polymer backbone on the substrate in the manner that hydrophilic MAH components 
formed hydrogen bonds or reacted under anhydride ring opening with the OH-groups of the 
substrate acting as anchor. As a consequence the perfluorinated side chains oriented towards 
the air interface, offering high concentration of interfacial CF3-groups and thus lowering the 
surface energy. ITA-co-FMA copolymer coatings showed similar surface properties. The 
contact angle data of ITA-co-FMA are shown in Table 5. 5. 
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Table 5. 5: Contact angle values of ITA-co-FMA copolymer coatings on alumina and glass substrates at room 
temperature and annealed at 140°C for 3 hours. HFX was used as a solvent. 
ITA 
content 
[ %] 
Glass at RT 
 
Glass annealed Alumina at RT Alumina annealed 
θwat 
[º] 
θMeI2 
[º] 
θdod 
[º] 
θwat 
[º] 
θMeI2 
[º] 
θdod 
[º] 
θwat 
[º] 
θMeI2 
[º] 
θdod 
[º] 
θwat 
[º] 
θMeI2 
[º] 
θdod 
[º] 
15 120 101 73 113 100 71 148 136 109 149 137 111 
24 117 100 71 114 100 71 149 132 105 150 135 110 
32 116 98 68 115 99 72 151 131 100 152 132 102 
θwat – contact angle against water; θMeI2 – contact angle against diiodomethane; θdod – contact angle against 
dodecane. 
 
As in the case of MAH-co-FMA copolymer coatings, ITA-co-FMA films showed 
decreasing contact angles against water with increasing anhydride content in the polymer on 
flat glass surfaces, but higher contact angle values on rough alumina substrates. Since the 
fluorinated solvents or ordinary organic solvents are expensive, hazardous for human health 
and environment, fluorinated polymers processable from environmentally friendly solvents 
are of special interest. Consequently, Jeffamine M-1000 modified binary fluoropolymers 
CAP72-JM, CAP75-JM (see Chapter 3) and fluorinated terpolymers MFB-20, MFL-25 (see 
Chapter 4) were used either solely or in combination with silica nanoparticles for 
preparation of superhydrophobic surfaces from environmentally friendly solvents such as 
ethanol, water, and their mixtures. The obtained surfaces were also characterized by means 
of a contact angle measurement setup, using water and hexadecane as two wetting liquids. 
Fluoropolymer coatings were prepared on glass and aluminum surfaces from 
environmentally friendly solvents. The resulting coatings were annealed in the oven at 
140ºC for 3 hours in vacuum. The hydrophobic compositions and contact angle data are 
listed in Table 5.6. 
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Table 5.6: Compositions of the applied solutions and contact angle values of coatings formed from 
environmentally friendly solvents on glass and alumina substrates. All contact angle values were measured on 
the films after annealing at 140ºC for 3 hours in vacuum.  
# Polymer 
name 
Polymer 
loading, 
[wt%] 
Substrate Continuous 
phase 
Hexadecane 
Contact 
Angle  
[º] 
Water 
Contact 
Angle 
[º] 
1 CAP75-JM 1 Glass H2O 64 108 
2 CAP75-JM 1 Glass 1/1 EtOH/ H2O 64 109 
3 CAP75-JM 1 Glass EtOH 65 108 
4 CAP72-JM 1 Glass H2O 63 107 
5 CAP72-JM 1 Glass 1/1 EtOH/ H2O 67 110 
6 CAP72-JM 1 Glass EtOH 68 112 
7 MFB-20 0.5 Glass EtOH 57 104 
8 MFB-20 0.5 Glass 3% NH4OH 55 103 
9 MFL-25 0.5 Glass EtOH 55 107 
10 MFL-25 0.5 Glass 3% NH4OH 54 105 
11 CAP75-JM 1 Aluminum H2O 72 126 
12 CAP75-JM 1 Aluminum 1/1 EtOH/ H2O 71 128 
13 CAP75-JM 1 Aluminum EtOH 72 130 
14 CAP72-JM 1 Aluminum H2O 74 129 
15 CAP72-JM 1 Aluminum 1/1 EtOH/ H2O 74 132 
16 CAP72-JM 1 Aluminum EtOH 75 133 
17 MFB-20 0.5 Aluminum EtOH 61 132 
18 MFB-20 0.5 Aluminum 3% NH4OH 60 125 
19 MFL-25 0.5 Aluminum EtOH 63 135 
20 MFL-25 0.5 Aluminum 3% NH4OH 61 126 
 
Coatings on aluminum surfaces demonstrated higher contact angles against water and 
hexadecane in comparison with glass surfaces. This probably is due to the higher roughness 
of the aluminum substrate compared to glass. Slightly improved contact angles were 
observed for surfaces formed from compositions containing pure ethanol, but surfaces 
fabricated from aqueous ammonia solutions showed somewhat lower contact angle values.  
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Table 5.7 summarizes the repellency of fluoropolymer compositions containing silica 
nanoparticles of different sizes in form of the results of contact angle measurements. All 
coatings were prepared with a help of a spin coater and annealed at elevated temperatures. 
 
Table 5.7: Compositions of fluoropolymer solutions together with silica nanoparticles and contact angle 
values of coatings formed from environmentally friendly solvents on alumina substrates. All contact angle 
values showed after annealing. 
# Polymer 
Name 
Polymer 
loading, 
[wt%] 
SiO2 
diameter 
SiO2 
loading 
[wt%] 
Continuous 
phase 
Linker Hexadecane 
Contact 
Angle  
[º] 
Water 
Contact 
Angle 
[º] 
1 CAP75-JM 1 35 1 H2O  74 137 
2 CAP75-JM 1 60 1 H2O  74 141 
3 CAP75-JM 1 90 1 H2O  76 144 
4 CAP75-JM 1 120 1 H2O  77 149 
5 CAP75-JM 1 200 1 H2O  79 153 
6 MFB-20 0.5 200 1 EtOH APTES 68 157 
7 MFL-25 0.5 200 1 EtOH APTES 65 161 
8 MFL-25 0.5 610 1 EtOH APTES 52 122 
9 MFB-20 0.5 200 1 3% NH4OH APTES 67 143 
10 MFL-25 0.5 200 1 3% NH4OH APTES 63 144 
11 CAP72-JM 0.5 200 1 1/1 EtOH/ H2O  81 152 
12 CAP72-JM 0.5 7/3 200/12 1 1/1 EtOH/ H2O  80 153 
13 CAP72-JM 0.5 200 1 EtOH  82 155 
14 CAP72-JM 0.5 7/3 200/12 1 EtOH  81 154 
15 CAP72-JM 0.5 12 0.5 EtOH  75 151 
16 CAP72-JM 0.5 200 0.5 EtOH  81 152 
 
The resulting surfaces of the CAP75-JM and CAP72-JM polymers as spincoated on 
aluminum substrate appeared to be highly hydrophilic and had a contact angle against water 
below detection limits of goniometer. Nevertheless, the coatings showed superhydrophobic 
behavior after thermal treatment. XPS data of CAP75-JM coating formed from water with 
200 nm silica nanoparticles before and after annealing are listed in Table 5. 8. 
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Table 5. 8: XPS data of CAP75-JM coating formed from water with 200 nm silica nanoparticles before and 
after annealing. 
Atoms Atomic conc.  
before annealing  
[%] 
Atomic conc. 
after annealing 
[%] 
F 8.41 14.90 
C 53.47 40.95 
O 26.34 28.59 
N 1.37 1.29 
Si 2.81 3.74 
Al 6.10 8.23 
 
XPS measurement detected an almost twofold increase of the fluorine content on the 
surface coatings. The fluorine percentage grew from 8.41% before to 14.9% after annealing, 
whereas the carbon content simultaneously decreased from 53.47% to 40.95%. This data 
allows to conclude that these changes in the elemental content of fluorine and carbon before 
and after annealing occurs as a result of rearrangement of hydrophobic fluorinated chains 
and hydrophilic PEO chains in the polymer film at the interface. The SEM pictures of the 
surfaces modified with different hydrophobic compositions are depicted in Figure 5. 6. An 
increase of the silica particle size in the range of 35 - 200 nm applied in the hydrophobic 
composition resulted in more hydrophobic surfaces. Combination of small and big particles 
particles did not lead to any significant improvements of the coating properties. 
Compositions, containing silica particles of 200 nm diameter resulted in the most 
hydrophobic coating. All water based coating compositions resulted in coatings exhibiting 
contact angles of more than 140 ° against water except from the composition containing 
particles with a diameter of 35 nm. Such surfaces can be referred as to superhydrophobic 
surfaces. 
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Figure 5. 6: SEM images of aluminum surface, modified with A) hydrophobic composition #1 containing 35 
nm silica particles; B) hydrophobic composition #2 containing 60 nm silica particles; C) hydrophobic 
composition #3 containing 120 nm silica particles; D) hydrophobic composition #4 containing 200 nm silica 
particles; E) hydrophobic composition #14 containing 12 nm silica particles; F) hydrophobic composition #11 
containing the ration 7/3 of 200/12 nm silica particles. 
 
Silicon substrates 
Silicon wavers possess very smooth surface with low roughness, which allows using 
ellipsometry to measure the thickness of the coatings and AFM technique for morphology 
studies, and hence were chosen as substrates for purpose. To find optimal parameters for 
preparation of high quality homogeneous coatings, the type of solvent, the concentration of 
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polymer, and dipping speed were varied. Binary fluoropolymer coatings were formed on 
silicon wafers from fluorinated solvents (HFX, Freon 113). The thicknesses of the coatings 
were measured by means of ellipsometry and the film morphology was investigated with 
AFM microscopy.  Table 5. 9 includes the data on solvent, solution concentration and the 
resulting coating thickness on silicon wafers. The layer thickness ranged from 60 nm down to 
5 nm. The thinner coatings were obtained when HFX was used as solvent. 
 
Table 5. 9: Data on thickness of coating on silicon wafers and the coating formation parameters of binary 
fluorinated polymers. 
# Polymer 
name 
Polymer 
loading 
[wt%] 
Solvent Deeping 
speed 
Layer 
thickness 
[nm] 
1 CAP75 0.02 Freon 113 1 6.3 
2 CAP75 0.1 Freon 113 1 27 
3 CAP75 1 Freon 113 1 59.2 
4 CAP75 1 HFX 3 8.0 
5 CAP75 0.2 HFX 3 4.6 
6 CAP75 1 Freon 113 7 18.1 
7 CAP75 0.2 Freon 113 7 6.8 
8 CAP84 1 Freon 113 7 11.2 
9 CAP84 0.2 Freon 113 7 5.9 
10 CAP84 1 Freon 113 3 43.8 
11 CAP84 1 Freon 113 12 12.0 
12 CAP84 1 HFX 3 9.0 
13 CAP84  0.2 HFX 3 5.2 
 
AFM images of the coating formed using parameters #3 is observed in Figure 5. 7.  
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Figure 5. 7: AFM height images of CAP75 coating (parameters #3, Table 5. 9) on silicon wafer obtained from 
a 1 wt% of polymer solution in Freon 113, (A) – high resolution image, (B) – overview image. 
 
AFM overview image demonstrates the full substrate coverage and a high homogeneity of 
the coating. High resolution image gives information about a polymer film morphology 
which consists of granule like structures with the granule size of about 20 nm. The darker 
areas represent lower height of the morphological features; subsequently the brighter areas 
designate the higher features morphology. This kind of polymer organization in the film can 
arise from an amphiphilic character of the polymer. Since freon 113 can only dissolve 
fluorinated parts of the polymer, the nonfluorinated segments will tend to segregate forming 
micelle like structure already in the solution.  
 
Paper substrates 
Paper substrates were coated by electrospraying of an ethanolic solution of the crosslinkable 
fluoropolymer MFB-20-APTES against gravity, so that the needle of the syringe with 
polymer solution could not produce big droplets, which would be facilitated by gravity. The 
principle of an electrospaying/electrospinng  technique is that because of high difference in 
potential between polymer solution and collection electrode the polymer molecules fly from 
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solution to the collection electrode carring the electric charge on it. Depending on the polymer 
solution viscosity, polymer molecular weight, applied voltage and distance between two 
electrodes, either small particles or fibers (often nano fibers) can be formed during the 
process. The electrospinng/spraying setup and its components are represented in Figure 5. 2 
of an experimental section of the present chapter. The APTES modified fluorinated 
terpolymer crosslinked immediately on the substrate upon solvent evaporation. By screening 
of different electrospraying parameters and the fluoropolymers used, certain compositions 
were found that formed a sponge-like morphology on the mesoscale. Figure 5. 8 exhibits the 
SEM images of the paper before and after treatment with a help of fluorinated terpolymer 
ethanol solution electrospraying. 
 
 
Figure 5. 8: A) SEM image of untreated paper surface (magnification 600); B) SEM image of untreated 
paper surface (magnification 300); C) SEM image of paper surface, nanostructured with fluoropolymer by 
electrospraying (magnification 800); D) SEM image of paper surface, nanostructured with fluoropolymer by 
electrospraying (magnification 300). 
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The crosslinked fluoropolymer formed an immobilized sponge-like nanostructured coating 
on the surface of paper. Against water the prepared very rough coating structure showed a 
contact angle of 160°, and a sliding angle of about 3-5°. Thus, the paper can be considered 
as a self cleaning, superhydrophobic entity. The sliding angle is the minimum angle of tilt at 
which water droplets start to roll off the surface.  Figure 5. 9 shows coloured water droplets 
on the nanostructured paper surface. 
 
 
Figure 5. 9: Colored water droplets on superhydrophobic nanostructured paper. 
 
Fabric (Polyamide, cellulose: polyester 1:1) and carpet (polyester, polyamide) 
Fabric and carpets were treated by impregnation with a 1 wt% of fluoropolymer ethanol 
solutions containing a 1 wt% of silica nanoparticles with diameter of 200 nm. The coated 
articles were annealed at 140-160°C for 3 hours. All treated materials became highly 
hydrophobic which can be seen from Figure 5. 10. The parameters of carpet treatments are 
summarized in Table 5. 3 of the experimental part of the present chapter. 
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Figure 5. 10: A) Water droplet on a cellulose: polyester 1:1 fabric treated with MFB-20 and 200 nm silica 
nanoparticles (Exp.#1,Table 5. 3) ; B) water droplet on a polyester carpet treated with MFB-20 and 200 nm 
silica nanoparticles (Exp.#2,Table 5. 3); C) water droplet on a polyamide fabric treated with MFL-25 
(Exp.#3,Table 5. 3); D) water droplet on a polyamide carpet treated with MFB-20 (Exp.#4,Table 5. 3). 
 
Attempts to prepare hydrophobic nanofibers 
The attempts to prepare hydrophobic nanofibers by means of electrospinning of APTES 
modified fluorinated terpolymer MFB-20-APTES were made from water ethanol mixtures. 
The distance between spinneret and target electrode, speed of polymer solution feed and 
terpolymer concentration in the feed solution were varied (Table 5. 2). Ethanol water 
mixture containing 20 vol% of EtOH was used in all experiments as solvent, and a voltage 
of 20 kV was applied in all experiments. The electrospinning of polymer solutions with low 
polymer concentration of 5-10 wt % resulted in the formation of beads, and separated 
fragments instead formation of the fibers (Figure 5. 11). Spinning of more concentrated 
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solutions yielded elongated objects, and fibrous pieces with diameters of 0.7- 5.7 µm, and 
length to diameter aspect ratios in a range of 5 – 35 (Figure 5. 12). 
 
 
Figure 5. 11: SEM images of  electrospun MBF-20-APTES terpolymer: (A1) at 5 wt % solution 
concentration, 0.1 ml/h speed of feed and 20 cm distance between electrodes, (B2) at 10 wt% solution 
concentration, 0.1 ml/h speed of feed and 15 cm distance between electrodes. 
 
 
Figure 5. 12: SEM images of  electrospun MBF-20-APTES terpolymer: (A2) at 20 wt % solution 
concentration, 0.5 ml/h speed of feed and 20 cm distance between electrodes, (B3) at 20 wt% solution 
concentration, 0.3 ml/h speed of feed and 15 cm distance between electrodes. 
 
However, dense mats of fiber have not been obtained with the selected experimental 
conditions. For preparation of high quality hydrophobic nanofibres from crosslinkable 
MBF-20-APTES fluoropolymer further investigation of the electrospinning parameters is 
needed. 
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5.4 Conclusion 
Hydrophobic/oleophobic coatings were prepared on rough etched aluminum, smooth glass 
plates, and silicone substrates from fluorinated solvents using the binary anhydride reactive 
fluoropolymers (described in Chapter 3) by means of a spin coating. On smooth glass 
surfaces the contact angle against water varied from 118° to 121° increasing with decrease 
of anhydride content in the MAH-co-FMA copolymers. The same tendency was observed 
for ITA-co-FMA copolymers with contact angle against water on glass in the range of 116° 
- 120°. Contact angles against dodecane were 69°- 76 for MAH-co-FMA copolymers and 
68°- 74° for ITA-co-FMA respectively. Measurements of a coating film thickness prepared 
by dip coating on a silicone substrate with a help of ellipsometry determined, that thinner 
coating can be formed from HFX rather then from Freon 113. AFM images of a coating of 
CAP75 formed from a 1 wt% Freon 113 solution showed a fully covered homogeneous 
surface with granule like polymer morphology in the film. On rough etched aluminum 
surfaces contact angles against water were in the range of 141°-148° for MAH-co-FMA and 
148° - 151° ITA-co-FMA. The contact angles on etched aluminum increased with 
increasing anhydride content in both MAH-co-FMA and ITA-co-FMA binary copolymers. 
On a rough aluminum plates contact angles against dodecane were in the range of 104° - 
108° for MAH-co-FMA and 102° - 111° for ITA-co-FMA copolymers. Annealing of the 
freshly formed coating insignificantly increased contact angles in all experiments. Jeffamine 
M-1000 modified MAH-co-FMA fluoropolymers formed hydrophobic coatings on an 
etched aluminum substrate from water, water/ethanol mixtures, and aqueous ammonia. The 
freshly formed coatings showed hydrophilic properties with contact angles against water 
less than detection limit of goniometer, but after annealing for an hour contact angles 
against water were between 103°-135° and against dodecane 54°-74°. XPS measurement of 
freshly formed coating and a coating after annealing revealed an increase of fluorine from 
8.41 to 14.90 atomic % and a decrease of carbon from 53.47 to 40.95 atomic % in the 
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annealed coating. Silica nanoparticles of average diameters between 35 – 2040 nm were 
prepared using Stöber synthesis. Nanostructured superhydrophobic/oleophobic surfaces 
were formed on etched aluminum plates from environmentally friendly solvents such as 
water, water/ethanol mixtures, ethanol, and aqueous ammonia using jeffamine M-1000 
modified MAH-co-FMA copolymers and silica nanoparticles with average diameters of 12, 
35, 60, 90, 120, 200, and 610 nm. The contact angles against water and dodecane was found 
between 122° - 161° and 52°- 82° respectively for such surfaces. Coatings formed from 
compositions containing large silica nanoparticles of 610 nm average diameter showed a 
significant decrease of contact angles compared with others (Θwater=122°, Θdodec=52°). The 
most hydrophobic compositions were found to contain a 1 wt% of 200 nm silica 
nanoparticles with 0.5 wt% of MFL-25 fluoropolymer in ethanol. Combination of big 200 
nm and small 12 nm particles did not result in coatings with better hydrophobic properties 
than coatings containing solely 200 nm particles. All the contact angle measurements on 
films formed from water, ethanol, water/ethanol mixtures and aqueous ammonia were 
performed on coatings that have been annealed for 3 hours at 140ºC. The generation of 
strongly water and oil repelling layers was not limited to planar surfaces, but could be 
extended to 3D-strucrued substrates. Treatment of polyester and polyamide carpets, 1:1 
polyester/cellulose and polyamide fabrics with 200 nm silica nanoparticles and fluorinated 
terpolymers from ethanol resulted in hydrophobic coatings on the articles. As a 
complementary technology of a film formation electro spraying of polymer solutions was 
tested. Variation of electrospraing parameters made it possible to form a sponge like rough 
crosslinked coating on paper sheets. The treated paper sheets exhibited a superhydrophobic 
surface with contact angles against water exceeding 160° and with sliding angle of 3-5°.  
Attempts to obtain crosslinked hydrophobic nanofibers by means of electrospinning of 5 – 
10 wt% ethanol solution resulted in formation of bids and flake like separated objects. 
Increasing the fluoropolymer concentration up to 20 wt% resulted in formation of elongated 
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polymeric objects or short fibers. For production of high quality crosslinked hydrophobic 
nanofibres further optimization of electrospinning parameters is required. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Application of Specifically Tailored Fluoropolymers 
_________________________________________________________________________________________________________________ 
 
 173
5.5 References 
[1] N. Tirelli, O. Ahumada, U. W. Suter, H. Menzel, V. Castelvetro,  Macromol. Chem. Phys. 1998, 199, 
(11), 2425. 
[2] P. Cardiano, S. Lo Schiavo, P. Piraino,  J. Non-Cryst. Solids 2010, 356, (18-19), 917. 
[3] T. Segawa, T. Tatsuki, JP 2006302715, 2006. 
[4] K. Komabayashi, Y. Unno, S. Miyajima, JP  2005344049, 2005. 
[5] S. Boger, P. Englert, K. Fischle, WO  2004087339, 2004. 
[6] W. Heim, J. Brassell, WO  2007087618, 2007. 
[7] T. Magara, JP  2008119022, 2008. 
[8] Y. Omote, S. Ochi, H. Nishinaka, S. Inatomi, S. Ishida, EP  974695, 2005. 
[9] A. G. Pittman, Fluoropolymers,  , Vol. XXV, L. A. Wall, ed. John Wiley, New York, 1972. 
[10] J. Höpken, S. Sheiko, J. Czech, M. Möller,  Abstr. Pap. Am. Chem. Soc. 1992, 203, 525. 
[11] S. Sheiko, E. Lermann, M. Moller,  Langmuir 1996, 12, (16), 4015. 
[12] J. Höpken, M. Möller,  Macromolecules 1992, 25, (5), 1461. 
[13] P. G. de Gennes,  Advances in Colloid and Interface Science 1987, 27, (3-4), 189. 
[14] J. Vanalsten, S. Granick,  Macromolecules 1990, 23, (22), 4856. 
[15] T. Li, C. S. Liu, Q. Zhang, Z. W. Li, Fabrication of Superhydrophobic Surfaces on Al Substrates for 
Anti-Adhesion and Self-Cleaning Applications. in High-Performance Ceramics Vi, W. Pan, J. Gong, 
ed. Trans Tech Publications Ltd, Stafa-Zurich, 2010, 534. 
[16] M. Thieme, C. Blank, A. Pereira de Oliveira, H. Worch,  Contact Angle, Wettability and Adhesion 
2009, 6, 251. 
[17] B. G. Park, W. Lee, J. S. Kim, K. B. Lee,  Colloid Surf. A-Physicochem. Eng. Asp. 2010, 370, (1-3), 
15. 
[18] Y. Ohkubo, I. Tsuji, S. Onishi, K. Ogawa,  J. Mater. Sci. 2010, 45, (18), 4963. 
[19] C. Zhijun, G. Yabing, F. Shaoming,  Surf. Interface Anal. 2010, 42, (1), 1. 
[20] N. Saleema, M. Farzaneh, R. W. Paynter, D. K. Sarkar,  J. Adhes. Sci. Technol. 2011, 25, (1-3), 27. 
[21] R. Jafari, M. Farzaneh,  Appl. Phys. A-Mater. Sci. Process. 2011, 102, (1), 195. 
[22] B. Grignard, A. Vaillant, J. de Coninck, M. Piens, A. M. Jonas, C. Detrembleur, C. Jerome, Langmuir 
2011, 27, (1), 335. 
[23] N. Saleema, D. K. Sarkar, R. W. Paynter, X. G. Chen,  ACS Appl. Mater. Interfaces 2010, 2, (9), 
2500. 
[24] S. Desbief, B. Grignard, C. Detrembleur, R. Rioboo, A. Vaillant, D. Seveno, M. Voue, J. De 
Coninck, A. M. Jonas, C. Jerome, P. Damman, R. Lazzaroni,  Langmuir 2010, 26, (3), 2057. 
[25] W. Stöber, A. Fink, E. Bohn,  J. Colloid Interface Sci. 1968, 26, (1), 62. 
[26] H. J. Jeong, D. K. Kim, S. B. Lee, S. H. Kwon, K. Kadono,  J. Colloid Interface Sci. 2001, 235, (1), 
130. 
 
 
Chapter 5 
_________________________________________________________________________________________________________________ 
 
 
174
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Acknowledgments 
_________________________________________________________________________________________________________________ 
 
 175
Acknowledgments 
 
The present PhD thesis is the result of the work that has been performed in the laboratories 
of Technical and Macromolecular Chemistry and DWI at the RWTH Aachen between 
September 2006 and May 2010 under the supervision of Professor Dr. Martin Möller.  
The present work would hardly be possible without the support of many people. Therefore, 
the thesis is respectively filled up with numerous of “specifically tailored” 
acknowledgements, like the specifically tailored fluoropolymers in the present work :).  
I am grateful to Professor Dr. Martin Möller for the interesting topic of the thesis, for his 
profound discussions, scientific support and granting me a large freedom in the organization 
of my work. 
I thank my supervisors Professor Dr. Uwe Beginn for his comprehensive discussions, 
scientific advices and his enormous patience in correcting of the present PhD thesis, Dr. 
Karola Schäfer for her valuable help in organizing of bureaucratic paperwork together with 
laboratory space, for her scientific support and for the many things I have learned about 
science and life from them. 
With regard to DWI and TexMC colleagues...I am feeling sad to leave you guys. Thank you 
very much for unforgettable time at work and at leisure time. Allow me addressing some 
special thanks. The first one goes to Artem Davidenko for his endless discussions and 
suggestions regarding not only my research but also about some philosophical questions and 
life in general during tee breaks. Another one is dedicated to Dou Qizheng who was my lab 
mate for a long time and supported me with chemicals, glassware and valuable pieces of 
advice. The next one is addressed to the “older” generation, Dr. Xiaomin Zhu (in Russian 
version just Sasha), Professor Dr. Jurgen Groll, Dr. Helmut Keul, Dr. Sebastian Mendrek, 
Dr. Alexandra Mendrek, Dr. Artur Henke, Dr. Heidron Keul, Dr. Rostislav Vinokur, 
Professor Dr. Reza Najjar, Marian Shkudlarek, Dr. Elena Talnishnikh, Professor Dr. 
Acknowledgments 
_________________________________________________________________________________________________________________ 
 
 176
Vladimir Anferov, Dr. Sofia Anferova, Wiktor Steinhauer, Jörg Meyer, Dragos Popescu, 
Miran Yu, Ibrahim Hassounah, Hailin Wang, Konstantina Dyankova, Daniel Bünger, 
Michael Erberich, Marc Hans, Markus Kettel and a “newer” generation, Philipp Nachev, 
Sascha Pargen, Jingbo Wang, Angela Plum, Garima Agrawal, Tsolmon Narangerel, 
Manisha Gupta, Smriti Singh, Christian Herbert. Thank you all for the fruitful, sometimes 
even hot discussions, nice atmosphere at work, and afterwork. I would also like to give 
special thanks to office-girls Angela Huschens and Christine Sevenich for providing me 
with just-in-time information about the location of Prof. Möller when there was an urgent 
need for his signature,  a network administrator Ewgeni Stab for his IT support and helpful 
consultations concerning bureaucratic paperwork or translations, the most dedicated 
handymen Rainer Haas and Wilfried Steffens for their immediate help regarding any 
technical problem, DWI purchase manager Silke Scharfenberger (Ortmann) for her prompt 
orders concerning chemicals or glassware, Dr. Walter Tillmann and Stefan Rütten for 
measuring of IR together with Raman spectra and SEM, Dr. Andrea Körner  for her 
patience in performing my MALDI-ToF measurements searching for a proper matrix, 
laboratory assistants Marion Arndt, Alexandra Kopp and Ramona Kloss for their lab aid, 
the institute accountants Doris Fuge and Hans Rainer Hamacher for their assistance in 
solving some employment contract and leave certificate questions, the DWI librarian 
Regina Krause for her prompt assistance in literature search and explanation of some 
German expressions, PD Dr. Larisa Tsarkova and Dr. Oliver Weichold who assisted me in 
the last period of my PhD studies with getting into the “Nanoswitch” project,  Prof. Dr. 
Andrij Pich for his assistance and support in acceleration of the official procedures 
regarding present PhD work,  and of course Dr. Sergey Magonov for his professional AFM 
measurement and exciting chess lessons. I also thank Isabel Arango, Meike Beer and 
Kristina Bruellhoff for countless nice conversations about chemistry and life and giving me 
a chance to experience the world view by eyes of people from different cultures. 
Acknowledgments 
_________________________________________________________________________________________________________________ 
 
 177
During my PhD I had the chance to be a part of the international Marie Curie Research 
Training Network “BioPolySurf”. I would like to thank all the network participants for the 
exciting meetings all over the Europe. Special acknowledgments are dedicated to Dr. Petra 
Mela, Susanne Pietro, and Dr. Nathalie Mougin for fruitful and nice collaborations. 
Talking about my leisure time I spend in Aachen, which is an important aspect of recreation 
from the work, my list of acknowledgment cannot miss David Bürgerhausen for his 
correction of my German all the time, an interesting conversations about interpenetration of 
chemistry and biology, Dmitri Drobiazko and Eldar Akchurin for their support in my sport 
activities and for philosophical discussions e.g. about problems of the sum of things, Denis 
Novokshanov and Olga Sukhopar for their support in solving some difficult life situations. 
In the end I want to dedicate many thanks to my parents Nadezhda Belova and Vladimir 
Belov, my brother Vasily Belov, my grandmother Polina Skvorzova, my lovely spouse 
Svetlana Belova and other relatives and friends for the kind and never-ending support. 
 
Мама, Папа, Бабушка Полина, Васек, Светик, мой очаровашка сын Егорка я сделал 
эту работу для вас и надеюсь что вы будете мной гордится. 
 
 
 
 
 
 
 
 
 
 
 
Acknowledgments 
_________________________________________________________________________________________________________________ 
 
 178
 
 
 179
NIKOLAY BELOV  
 
 
52072 Lousbergstr. 68, Aachen, Germany 
Tel.  +49 (241) 80-233-96 
Mob.  +49 17699299733 
E-mail: nikolay.belov@web.de 
 
 
PERSONAL DATA Date of birth: 22 of May 1980 
Citizenship: Russian 
Place of birth: Voronezh region, Russia 
EDUCATION 
1997 – 2002 Dipl. Chem. (Engineer Advanced Degree) 
Ivanovo State University of Chemistry and Technology (Russia), http://www.isuct.ru/ 
(top 20 best Russian Universities, http://www.regnum.ru/news/429898.html) 
Faculty: Organic Chemistry 
Department: Chemical Fibers and Composite Materials  
Major: Macromolecular Chemistry  
Diploma title: “Synthesis and investigation of Cu and Fe complexes based on 
tetraazaporphine with active functional groups” 
GPA: 4.3 over 5.0 
 
2006 – 22.09.11 Ph.D  DWI an der RWTH Aachen (Germany), http://www.dwi.rwth-aachen.de/ 
Ph.D. thesis title: “Reactive fluoropolymers, synthesis and application”  
 
AREAS OF EXPERTISE 
Synthetic: Organic and polymer synthesis, synthesis of silica nanoparticles 
Instrumental: Chromatography (GPC, HPLC, TLC, preparative TLC), (UV-Vis,  
FT-IR, Raman, XPS and NMR) spectroscopies, Electrospinnigs/spraying technique, 
Goniometer, MALDI-TOF, X-ray diffraction,  optical microscopy, atomic force 
microscopy (AFM), scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), differential scanning calorimetry (DSC), thermo-gravimetric 
analysis (TGA), static and dynamic light scattering 
 
WORK EXPERIENCE 
1999 – 2002 Student research worker, ISUCT, Ivanovo (Russia) 
Work description:  varied experience in organic synthesis and investigation mainly in 
the field of porphyrines and phthalocyanines. Synthesis of porphyrines, 
phthalocyanines and related macrocycles, study of some physical-chemical 
properties of the compounds 
 
 180
06.2004 – 12.2004 Research assistant, AK Prof. Doris Kunz, Heidelberg University (Germany) 
  Work description: Synthesis and characterization of N- heterocyclic carbenes and 
their tests as catalysts for cyclopropanation reaction  
 
2002 – 2006 Research assistant, Institute of Solution Chemistry of the RAS, Ivanovo (Russia) 
Work description: Design of plasma-chemical treatment cell. Plasma-chemical 
treatment of polymers, preparation of polymers with active functional groups. 
Synthesis and investigation of cellular structure polymeric azaporphyrine 
metallocomplexes 
 
09.2006 – 2010 Scientific coworker, DWI an der RWTH Aachen (Germany) 
Work description: Synthesis of reactive fluorinated copolymers using continuous 
addition polymerization technique. Functionalization of the polymers for different 
applications. Fabrication of superhydrophobic oleophobic nanocomposite coatings 
and nanofibres from aqueous and ethanol compositions using spin coating, dip 
coating, drop casting and electrospinning techniques 
 
AWARDS & MEMBERSHIP 
1997 A winner of Ivanovo Region Chemistry Olympiad 
2001 – till present A member of the D.I. Mendeleyev Chemical Society 
09.2006 – 10.2008 “BioPolySurf” Marie Curie Research Training Network  
 
LANGUAGE SKILLS Russian: Native speaker 
English: Fluent (both written and spoken) 
German: Intermediate (both written and spoken) 
 
COMPUTER SKILLS  Programming: HTML, Java script  
Software: MS Office, Origin, Corel Draw, HyperChem, ChemWind, MestRe-C, 
WINNMR, Chem office, SciFinder Scholar, Belstein Commander, Gauss View 
 
ADVISORS Prof. Dr. Uwe Beginn, Head of Organic Materials Chemistry Department at 
Institute of Chemistry, OC-1, University of Osnabrück,  
Barbarastr. 7, 49069 Osnabrück, Germany 
Tel.:+49 (541) 96-927-90 
E-Mail: ubeginn@uni-osnabrueck.de 
 
Prof. Dr. Martin Möller, Managing Director of  Deutsches Wollforschungs- Institut 
(DWI) an der RWTH Aachen e.V. Chair of Textile and Macromolecular Chemistry 
(ITMC), Pauwelsstr. 8, 52056 Aachen, Germany 
Tel.:+49 (241) 80-233-00 
E-Mail: moeller@dwi.rwth-aachen.de 
 
 181
Posters and presentations 
 
1. “Anhydride-reactive copolymers containing perflourinated side chains for special applications” N. 
Belov, U. Beginn, M. Szkudlarek, M. Möller. Oral presentation at BioPolySurf mid term meeting, 7- 8 
Nov. 2006, Mulhouse, France. 
 
2. Third BPS Summer School focused on the topic "Chemical functionalization of surfaces".11 – 14 Sep.  
2007, Ovronnaz, Switzerland. 
 
3. “Continuous addition polymerization for synthesis of reactive copolymers with homogeneous 
composition” N. Belov, U. Beginn, M. Möller. Oral presentation at BioPolySurf third Workshop and 
annual meeting, 4 -5 Oct. 2007, Crete, Greece. 
 
4. “Alternating anhydride-reactive copolymers with perfluorinated side chains for anti-Soil textile coatings 
(AiF 15128 N)” N. Belov, U. Beginn, K. Schäfer, M. Möller. Poster presentation at 1st Aachen-Dresden 
International Textile Conference, 29 -30 Nov. 2007, Aachen, Germany. 
 
5. ”Nanocomposite coatings based on liquid crystalline alternating anhydride reactive fluoro- comb 
copolymers and silica nanoparticles for development of superhydro-oleo phobic surfaces” N. Belov, K. 
Schäfer, U. Beginn, M. Möller. Oral presentation at 5th International Scientific Conference 
Nanotechnology, Engineering and Medicine, 23-26 Sep. 2008, Ivanovo, Russia. 
 
6. “Nanocomposite coatings based on alternating anhydride reactive fluoro-comb copolymers and silica 
nanoparticles for fabrication of superhydro-oleo phobic surfaces” N. Belov, U. Beginn, K. Schäfer, M. 
Möller. Poster presentation at 2nd Aachen-Dresden International Textile Conference, 4- 5 Dec. 2008, 
Dresden, Germany. 
 
7. “Novel nanocomposite coatings for fabrication of super hydro- and oleo phobic surfaces” N. Belov, A. 
Körner, M. Möller. Oral presentation at EUROPEAN COATINGS CONGRESS 2009 Europe’s leading 
Congress on Coatings, Inks, Adhesives, Sealants, Construction Chemicals, 30 March - 1 April 2009, 
Nürnberg, Germany. 
 
8. “Synthesis of anhydride-reactive fluorinated copolymers and their application for fabrication of 
superhydrophobic oleophobic surfaces from environmentally friendly solvents” N. Belov, U. Beginn, K. 
Schäfer, M. Möller. Poster presentation at 3rd Aachen-Dresden International Textile Conference, 26 -
27 Nov. 2009, Aachen, Germany. 
 
9. “Nano-coatings as anti-soil finishes for textile floorings”, K. Schäfer, N. Belov, U. Beginn, M. Möller. 
Poster presentation at 12th International Wool Research Conference, 19-22 Oct., 2010, Shanghai, 
China. 
 
 182
Patents and publications 
1. EU Patent: N. Belov, U. Beginn, M. Möller // “Fluorinated copolymers production method and 
surfactant free water/alcohol superhydrophobic oleophobic coating compositions on its base” in print 
 
2. “Waterborne  nanocomposite coatings based on anhydride reactive fluoro-comb copolymers and silica 
nanoparticles for fabrication of superhydro-oleo phobic surfaces” 
N. Belov, U. Beginn, K. Schäfer, M. Möller 
Manuscript in preparation 
 
3. “Synthesis and modification of homogeneous, anhydride reactive fluoropolymers, by means of FRP 
continuous addition polymerization technique” 
N. Belov, U. Beginn, M. Möller 
Manuscript in preparation 
